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Abstract

Thin films of TiO, are grown in a low temperature (150°C) vapor

2
deposition process by hydrolyzing tetraisopropyl titanate at the substrate.
These films can be made uniform over a 1-1/4" substrate to within 100 a

and are found to be amorphous in the "as grown" condition. Films in the
amorphous state have an index of refraction of 2.0 and can be etched easily
(50 X/sec) in 0.5% HF. Annealing in air at 350°C converts the film to the
anatase tetragonal crystalline form and at T00°C to a mixture of anatase
and rutile. Both forms are quite etch resistant, but the anatase can be
etched by HF and warm HQSOh. At 1000°C, the film is completely rutile with
an index of refraction of 2.5. This form is extremely etch resistant even
in 120°C Hgsou (1000 K/hour). The conversion from amorphous to rutile is
accompanied by a thickness decrease of 36%.

Electrically, the amorphous material was found to be semiconduc-
ting and subject to forming in an electric field. The anatase form showed
a mixture of woperties depending on the frequency used. The mixed and
rutile forms both are insulators with dielectric constants/disépation fac-
tors of 116/.04 and 100/.04, respectively, at 1 kHz. The breakdown field
for the rutile form is T x 105 V/em. Surface state density of the rutile
films on Si is 3 x lO12 negative states per cmg. Combinations of T102 and
510, were made in which the sign and density of the surface states could

2

be varied. Conversion from the amorphous to the crystslline forms could

ii




be accomplished selectively in the film by using an electron beam. Lines

2 microns wide were "written" in 3000 A of amorphous material. An electron
dosage & 0.2 coul/cm2 with 15 keV electrons was needed to produce sharp
lines which remained unetched while the unexposed material was etched away.
Similar conversion can be accomplished by exposure to u.v. photons, allow-

ing standard IC and hybrid circuit patterns to be defined in the TiO, films

2
without the use of standard photolithographic techniques. Rutile films
were tested as a diffusion mask against phosphorous at 1000°C. It was

shown that, in that particular case, Ti0. is a more effective mask than

an equal thickness of SiOg.

iii
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CHAPTER T.

PREVIOUS WORK ON TITANTIUM DIOXIDE

INTRODUCTION

An impressive amount of research has been performed in the last

25 years on titanium dioxide (TiO Because of its high index of re-

2)'
fraction, it was used as an optical parts coating during World War ITI.

Titanium itself is one of the valve metals, that is, one which is easily
anodized, and lends itself to anodized coatings for protection and deco-
ration. TiO,-Ti junctions joined other metal oxide/metal rectifiers at

2

the onset of the solid state revolution. Today, TiO, has been proposed

2
for a number of uses with hybrid and integrated circuits. It has always
been, and will continue to remain, an extremely attractive material be-
cause of its high index of refraction, dielectric constant and density.
It is certainly beyond the scope and interest of this work to consider
all of the research on TiOQ. Rather, the bulk of the work reviewed will
involve tests on samples made for electrical measurements and devices.

Other data will be included only as needed.

REVIEW OF WORK DONE ON TiO2

Titanium dioxide has been the object of much research in both
the crystalline and thin film form. Single crystals of the material can
be found in nature in either the anatase or rutile form and can be grown
in the laboratory by a number of methods. Data on both of these crystals
has been included in Figure 1. A third phase, Brookite, is primarily
found only in nature mixed with metallic ores. The material has alsco

been produced in thin film form by thermal oxidation of bulk or thin film
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metallic titanium, direct vapor deposition of the oxide, reactive sputter-
ing of the metal, r.f. sputtering of the oxide, anodization and chemical
vapor deposition from a large variety of sources. Material scientists
have, for the most part, concentrated heavily on the properties of the

bulk material, while device and application oriented engineers have sought
to fabricate and test the material in thin film forms. It would be naive
to assume that all of the above methods of producing the oxide result in
materials with identical properties or, on the other hand, that the mater-
ials bear no relation to cne another. Only by considering all of the prop-
erties can one hope to piece together a moderately complete picture of T102
in any form.

During World War II German scientists perfected a chemical vapor
deposition system for coating lenses and other optical parts with thin
films of Tiog. Its inherent high index of refraction made it ideal for low
reflective coatings on various glasses and the flexibllity of the wvapor
deposition process for covering odd shaped configurations was recognized
at that time. In 1952 Haasl reported a series of comprehensive experiments
on the oxide grown by heating a vacuum evaporated Ti film in air and on an
oxide film grown from a TiClh vapor source. The bare evaporated Ti read-
ily formed an oxide at elevated temperatures, especially above L00°C. He
demonstrated that these high density films were of the rutile structure
and had a characteristic index of refraction between 2.5 and 2.7. On the
other hand, films formed from the vapor phase were amorphous for substrate
temperatures below 280°C and anatase if grown over 300°C. Some rutile
lines may have been present for films annegled at 900°C. These films were

generally characterized by a lower density and subsequently a lower index




of refraction (2.3 for films deposited at 300°C). While no electrical data

was taken, this work set the pattern for subseguent work and the trends ob-

served by Haas 2 continue to be characteristic of the oxide in thin film
form.
(1) Single Crystal

Early interest in the electronic properties of T102 was stimu~
lated by reports3 that the dielectric constant of the crystalline material
along its "ec" axis is 170. VWhile ParkerLl found this to be true (ec = 167,
e, = 89) for rutile crystals subject to long anneals, a number of other re-
searchers found the situation to be far more complex than first expected.
Hollander and Castr05 reported that what is believed to be a stoichiometric
single crystal of rutile has a maximum resistivity of lO12 2 cm and that
the dielectric constant is not a function of frequency between lO2 and 106
Hz. However, for slightly reduced material the resistivity drops rapidly
and the dielectric constant and dissipation factor became strong functions
of the frequency in the above range. In a later paper6 they report that

a single crystal of perfectly stoichiometric TiO, actually has a resistiv-

2
ity of 2 x 108 @ cm. The higher resistivities come about by adding oxygen
in interstitial positions while as oxygen vacancies are created in the lat-
tice an impurity band is created, in the c¢ direction and then in the a di-
rection, dramatically reducing the resistivity and producing an extremely
large anisotropy in the resistivity along the ¢ and a axis (pa/pc = 20,000).
van RaalteT observed that current flow through high resistivity rutile sin-
gle crystals decreased with time and then rose again and continuved to in-

crease to a level orders of magnitude greater than the initial value.

Tests showed that the current was actually reducing the crystal and that




O2 was evolving at the faces. A loss of oxygen on the order of 1 ppm was
accompanied by a resistivity decrease of four orders of magnitude. Simi-
lar work on current-reduced rutile crystals was done by Gruner and
Whitmore3o. Work by Kunin, et al.8 demonstrated that chemically reduced
rutile crystals exhibit n-type conduction, whereas, before the reduction,
the crystal thought to be stoichiometric exhibited p-type conduction.
They observed that this same change in conductivity type could be induced
by an electron current and then the crystal could be returned to its ori-
ginal conduction mode by an anneal in oxygen. Evidently, the process of
electrical aging by current flow is brought about by the formation of
donor defects and is identical with the chemical reduction process. Acket
and Volger9 also observed n-type conductivity in chemically reduced crys-
tals of rutile TiOQ. They postulate that the loss of oxygen results in
the creation of two donor levels, one shallow and the second deep. Davis
and Grannemanlo studied the conduction in the reduced crystal by forming a
point contact diode. Once again the reduced form exhibited n-type conduc-
tion with a donor activation energy less than 1 eV.

Because of the semiconducting nature of the crystals a number
of the phenomena observed are associated with the contact and the barrier
region near the interfacell. A depolarizing current was found by Condon12
to flow when the applied voltage across the crystal was removed. This
current has a long half life time and is associated with the trapping of
electrons at the rectifying contacts. In order to avoid any anomalies pro-
vided by the contacts, Cross and Groner13 measured the dielectric constant

T

(e = 167) and the resistivity (p = l06 - 10" Q@ em) for a flux-grown, sin-

C

gle rutile crystal without applying contacting electrodes. Later papers,




1)
ok « P 5 s s
, discussed how to best exploit the non-linesr

such as Bergman, et al.
electrical and optical properties of & family of metal oxides with un-

bonded electrons.

(2) Anodized Thin Films

Titenium is classified as a valve metal, i.e., one which is es-
pecially subject to anodization, the formation of an oxide under the in-
fluence of an electric field in an electrolyte. Young15 showed that in
the anodization of titanium and tantalum the metal ions were the mobile
species and under the electric field, these cations moved through any ex-
isting oxide to the oxide-electrolyte interface where they combined with
oxygen supplied by the electrolyte. Anodic films of titanium oxide grow
at the rate of 22 R per applied volt, while tantalum oxide films form at a
lower rate of 1k K/volt. Sasakil6 found that thin anodic Ta205 films exhib-
ited strong diode characteristics and that it was the oxide itself which
formed both the p and the n region of the diode. He reasoned that, due to
the nature of the anodic process itself, the oxide near the metallic anode
interface was rich with unpaired Ta+5 ions while the interface near the
electrolyte had an overabundance of oxygen ions drawn into the oxide under
the influence of the field. The excess Ta caused donor levels and n-type
characteristics in the oxide near the anode while the excess oxygen created
acceptor levels and p-type characteristics near the electrolyte. The vol-
ume between these regions behaved very much as an intrinsic or compensated
semiconductor. Electrical measurements of the capacitance versus voltage
of such structure agreed quite well with the semiconductor model. Thin
anodic oxides (< 200 ﬁ) demonstrated p-n diode characteristics while

thicker ones followed a p-i-n model quite closely. Tago5 films in the




. Q 17,18
range of 2000 to 3000 A have been reported

to have excellent dielec-
tric properties especially after annealing. The relative dielectric con-
stant is 28 and the breskdown field is in the order of 5 x 1O6V/cm. Hence
it would appegr that the semiconducting properties are associated with
fairly thin volumes near the interfaces and can be minimized by annealing.

Similar phenomena have been observed in anodized titanium struc-
tures except perhaps to a greater degree. Huberl9 describes experiments
performed on anodized oxide layers grown on evaporated Ti thin films. The
structures under study were metal/TiO2/Ti capacitors. When the work func-
tion of the counter electrode was less than that of the Ti02 (assumed to
be 4.3 eV) the structures acted as capacitors, although their behavior was
latergo found to be rather complex in that the specific capacitance seemed
to be a function of applied voltage and only a weak function of oxide thick-
ness.

The dielectric constant of these structures was calculated to be
approximately 40. If the work function of the counterelectrode was larger

than that of the TiO the structure had characteristics of a rectifier

29
with fairly low forward resistance (100 - 1000Q) and a high front to back
6

ratio (]_O3 - 107). The rectification seemed to be taking place in the
bulk of the oxide. The high work function counter electrode (eg Pd, ¢w =
5.2 eV) serves only to make ohmic contact to the oxide. Following the

model proposed for Ta , it is then assumed that the region nearest the

205
Ti electrode is effectively n-type while that nearest the counterelectrode
is p=type. Hence the need for a high work function metal to make ohmic

contact. As predicted by the model the diodes were biased in the reverse

direction when the substrate Ti was positive. Thick structures (v 1000 R




or greater) demonstrated poor rechbification ratios because of the presence
of a large intrinsic region between the p and n volumes. Huber and
Rottersmangl describe the characteristics of these thicker "diodes™ by
proposing a p-i-n junction model. Mag11122 reviews the phenomena assoc-
ilated with anodizedATiOZ films and concludes that a bulk p-n junction is
sufficient, but not necessary to explain the rectification phenomena.
Rather, he proposes a model based on Schottky barriers at the electrode
interfaces and interprets all of the data in terms of a compound barrier

theory. In this case, the TiO, bulk need not change conductivity types

2

internally and hence this model can be applied to structures (that exhibit
rectifying characterics) formed by processes other than anodization.

Huber23 uses an array of anodized TiO2 diodes to demonstrate

their feasibility in low-speed switching circuits. These diodes consisted

of vacuum evaporated Ti substrates, 300 R of anodized TiO2 and Pd counter-

electrodes. They demonstrated switching characteristics up to 1 kiHz.
Hogiwara and Y.'amashitagl‘L built electrolytic capacitors using anodized TiOe.
They calculated the dielectric constant to be 107, but admitted the useful-
ness of such capacitors was limited due to rather high leaskage currents.

25

Recently, Kover and Musselin =~ made a comparative study of anodic oxide

films. They found that capacitors made with TiO2 had reasonable dielec-
tric properties (22 < e < 47 at 1 kHz, depending on the anodizing solution
and tan § = .03) if they were grown sufficiently thick to minimize the ef-
fect of the semiconducting regions near the interfaces, at a low enough
rate to allow stoichiometric growth to occur and in an electrolyte con-
taining sufficient oxygen. Bulk registivity of films grown as above was

9

reported to be on the order of 2 x 107 O cm.




(3) Reactive Sputtering

Even wider ranges in conductivity have been observed in films
produced by reactive sputtering of Ti in an oxygen atmosphere. Lakshmanan,
et al.26 performed the sputtering in an oxygen atmosphere at pressures near
lO“h torr. They reported producing a good dielectric material with € = 55
and a dissipation factor of 0.04 at 1 kHz. Resistivity of the films seemed

to be near lO13

 cm., X-ray analysis showed that the films were composed
of rutile polycrystals which were shown to be fairly large and with no pre-
ferred orientation. Wasa and Hayakawa27 sputtered the Ti in an atmosphere

>

of N, and O,. When the oxygen partial pressure was below 3 x 1077 torr

2 2
the films were conductive to various extents and were tested as resistor
elements. Above this pressure dielectric films were produced with resis-

9 - lOlO Q cm with a dielectric constant between

tivities on the order of 10
20 and 30 depending on the oxygen content. The films were identified to be
in the amorphous form. The authors observed that films with rectifying
properties were produced if the oxygen ambient was either rather low or
very high during film growth. This agrees with previous observations on
single crystals and anodized films that p-type characteristics could be
produced by introducing excess oxygen in the lattice while n-type proper-
ties were due to an excess of Ti atoms.

A rather thorough study was made by Lakshmanan28 of sputtered Ti
in a reactive atmosphere of oxygen and argon. While the total gas pres-
sure was held at 200 torr during sputtering the gas composition could be
varied from 100% Ar to 100% 02, Corresponding to this wvariation in the re-

3 13

active atmosphere is a film resistivity change from 1077 9 em to 10 Q cm.

The insulating films were found to be polycrystalline in the rutile phase




10

with a dielectric constant very near 100 and a tan & between .0016 and .06
at 1 kHz., Various sputtering conditions alternately produced films with
relative dielectric constants between 45 and 350, the higher values corres-—
ponding to thicker films. It is felt that dielectric constants on the or-
der of 350 are not associated with the bulk, but rather a barrier or de-
pletion layer which is independent of film thickness. Hence, thicker films
would appear to have higher dielectric constants.

Rectifying junctions were also made by forming a layer of very
slightly reduced T102 between Ti and Al or Ag electrodes. The operation of
the device was strongly dependent on the counterelectrode material, the
resistivity of the oxide layer, and that the second electrode be Ti. These
diodes operated in the forward direction when the Ti is biased positive.
The capacitance vs. voltage curves of such a diode once again suggests
strongly a p-n or p~-i-n junction or a Schottky barrier.

Films were doped with small amounts of Cr, Fe and Nb by includ-
ing these impurities in the sputter target. Little effect was seen on the
resultant insulating films, all of which had a capacitance per unit area
of between 0.6 and 1.1 uf/cm2 and a tan § of .03.

29

Davidse and Maissel ~ observed many of the same phenomena as

above in 8102 films sputtered in an r.f. field. Oxygen deficiencies made

themselves most apparent in this case, however, in optical measurements.

(L) Thermally Oxidized Films

Oxides formed by thermal oxidation of bare Ti metal also exhib-
ited a larger spectrum of resistivities due to the stoichiometry problem.
Capacitors made by Komolova and Nagledovgl exhibited forward and reverse

currents, current vs. temperature phenomena and capacitance vs. voltage
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characteristics all predictable on the basis of a p-n junction model. A
gradient of diffusing oxygen atoms could be responsible for such a junction
as is the titanium gradient in the case of the anodized films. Schottky
barriers at the interface could also explain their data. This second model
was proposed by Huberzo to explain the rectifying effect in thermal oxides.
He states that while a bulk p-n junction 1s responsible for such data in
anodic oxides, a surface barrier model must be invoked for thermal oxides.
He supports this by observing that ohmic contacts to the oxide only enhance
the effect in anodic films while such contacts destroy the effect in ther-
mally grown films.

(5) Evaporated Films of T:‘LO2

Maserjian and Mead32 produced very thin (< 500 K) films with large
ionic space charge by direct evaporation of a Ti02 source in a vacuum. From
current-voltage data on these films they have attempted to measure the den-
sity of the space charge. They concluded that the properties of the films
were governed by a yolume of ionic charge near the contacting electrodes,
and the density of this charge remained roughly constant despite large var-
iations in the film preparation parameters. They conclude that the density
of this charge is on the order of the saturation density of impurities
gettered by the surface of the film. One such source of impurities could
be the evaporated Al electrodes used in the structure. This Al can form
AlO2 acceptor centers which have been found to have a strong compensating
effect on n-type rutile crystals.

evaluated vacuum evaporated S5i0O, films and found that

Johansen3 o

they were actually mixtures of S5i0, 8102 and 81203, The conductivity of

these films was quite high due to a decomposition of the evaporant during
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heating and hence the inclusion of a number of unpalired Si atoms in the re-
sulting film. If the evaporation was performed in a slight oxygen atmos-
phere, decomposition was retarded and the conductivity dropped dramatically
Very recently, Shiojiri, et al.3u vacuum evaporated thin films of
TiO2 onto rock salt crystals held at room temperature. The films were then
stripped off and placed, unsupported, on a copper grid for analysis with an
electron microscope. The films were found to be amorphous as grown, but
diamond shaped crystals of anatase material began to appear when the film
was heated to 500°C or exposed or prolonged radiation from the electron
beam itself. No measurements of the stoichiometry of the films were made
nor were their electrical properties analyzed. More details of the results

are interpretation of this experiment will be presented in later chapters.

(6) Chemically Vapor Deposited Films

It is interesting to note that the initial work on TiO2 thin films
for optical purposes done by Haas1 involved the use of a chemical vapor
deposition approach. More recently, work on 'I‘iO2 thin films is again em-
phasizing the chemical vapor deposition method. Powell, Oxley and
Blocker35 give an excellent summary of CVD as applied to the vapor deposi-
tion of metals, oxides, borides, carbides, nitrides, silicon and silicides
from both organic and inorganic sources. Thermodynamic conditions for re-
actions along with numerous references for all vapor deposition processes
are included. Vapor phase deposition of metals and their oxides as applied
to microelectronics is reviewed by Buck36e

TiOQ films have been formed from both organic3T and inorganic

gources. Film growth occurs either by vapor reaction with water at a

heated substrate (hydrolysis) or by vapor decomposition abt a heated
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substrate in the presence of an inert or reactive atmosphere (pyrolysis).
Both schemes have been used to deposit films for electrical or optical

38,39

testing. Feuersanger produced TiO, films by reacting TiClu with

2
steam at a substrate heated to 150°C. While the reaction product is TiO

o3
the reaction by-product is HCl gas which tends to limit the usefulness of
the process. The films formed were‘susceptible to etching by HF and were
relatively hard. The refractive index at .54 p is 2.55 indicating a high
density. On the basis of the index of refraction compared with the pub-
lished crystalline values, the author surmises that the film may be a mix-
ture of the anatase and rutile forms. A large variation in dielectric con-
stant was observed depending on the substrate ranging from 25 for polished
Al to 82 for Pt. Dissipation factors on the order of .02 and bulk resis-
tivities or 4.5 x lO12 2 cm were measured. The author also prepared a
series of samples using a‘tetraisopropyl titanate (TPT) organic source in
place of the TiClu. Capacitor dielectrics so formed had a dielectric con-
stant of 178 and a correspondingly high dissipation factor (> 10%) due to

a relaxation peak between 50 Hz and 300 kHz. Evidently, research on this
film growth method was discontinued because of the high dissipation factor.
H.awz'bisonuO reacted TPT with water vapor at substrate temperatures of 900°C.
He reported an index of refraction of 2.0 along with moderate mechanical
toughness. X-ray analysis gave some evidence that the films so formed were
rutile and polycrystalline. The reported dielectric constant, dissipation
factor and breakdown strengths are respectively 80, .07, and 5 x lO5 V/cn.
Lower substrate temperatures during film growth resulted in films with in-
ferior insulating properties, rather high dissipation factors, low break-

down voltages and high leakage currents; however, no semicondﬁcting
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properties were reported for these films which were known to be oxygen de-
ficient. Capacitance-voltage data for the 900°C material on Si indicates
the presence of negative surface states in the oxide itself near the sur-
face of the 5i. No indication was given of the nature of these states.
Utilizing a pyrolytic decomposition of TPT, Peterson, et al.ul

grew Ti0, films in an O2 atmosphere at substrate temperatures between 300

2
and 500°C., These films proved to be electrically unstable in that current
flow though the oxide increased with time under moderate electric field
stress. Breakdown fields on the order of 3 x lO5 V/em were observed. Sim-
ilar experiments were conducted by Yokozawa and Iwasahz using both oxygen
and inert atmospheres. Temperatures ranged as high as T00°C, but most ma-
terial was grown between 300 and 600°C. Films grown in an O2 atmosphere
were amorphous, porous and easily etched in dilute HF (4 - 60 R/sec). Ox-
ides grown without an oxygen atmosphere formed in the anatase crystalline
phase, were moderately dense and only slowly etched in HF. The etch rate
was observed to increase as the deposition temperature was lowered and the
fraction of oxygen in the surrounding gas mixture was increased. The speci-
fic gravity of the amorphous film is 2.40 to 2.49 and the index of refrac-
tion is bhetween 2.00 and 2.05 while these guantities for the anatase film
are 2.55 and 2.15, respectively.

Similar trends were observed in other CVD processes. Gannon, et
alau3 produced titanium diboride from a TiClu vapor source on graphite sub-
strates heated between 1200 and 1800°C. Not only was the reaction product
highly crystalline, but completely oriented with the (110) plane parallel
to the surface of the graphite substrate. ©Sterling and SwannML promoted

the vapor deposition of Si, 510 and Siog from SiHLL using an r.f. plasma.
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Heating the substrate independently helped order the deposit and greatly

L5

increased its adherence. Peterson- grew films of alumina silicate from
the gas phase. He observed a maximum upper limit on the thickness of the
films he could grow in this fashion before the film tore and ruptured. He
proposes a surface tension model in which the adherence at the interface
and the relative coefficient of expansion of the film and substrate de-
termine the rupture thickness. Film thickness was limited to 6000 X on Au
film substrates while 20,000 R could be grown on polished Al because of the

bonding to the natural oxide.

(7 Films Formed from Solutions

Thin films of TiO, and multicomponent oxides have been made by

2
dipping appropriate substrates into solutions containing compounds of ti-
tanium or other organometallics. The substrates were then dried at various
temperatures in the air. The process could be repeated to obtain thicker
films. Krylova and Bagdyk'yantsh6 formed TiO2 films by successive dippings
in a solution of orthotitanic acid in ethyl ether. Films dried at 180°C
had an index of refraction of 1.95 while those heated at 400°C had n =
2.25. Those heated at 900°C for a prolonged period had n = 2.25 and wére
thought to be rutile. Samples often cracked and pulled away from the sub-
strate when heated to 500-600°C. Multicomponent films were made by

MitchellhT

by dipping metal plates in alcohol solutions containing titan-
ium isoprypylate, barium methylate and strontium methylate and then drying
them at 100°C followed by a 300°C anneal. It is believed that the com-
bined film was amorphous, but some anatase TiO2 was detected in the mater-
ial. The dielectric constant of the films was 23 with a moderste dissipa-

tion factor.
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SIGNIFICANCE OF THE PREVIOUS RESEARCH
AND OF THIS WORK

Several general conclusions can be drawn from the previous work

done on TiO, in both single crystal and thin film form.

(1)

(2)

2

Obtaining non-stoichiometric TiO, can be accomplished either by

2
withholding oxygen during formation or by reducing the material
after growth. Such a reduction may take place by heating in a
reducing atmosphere or merely by flowing a current through the
crystal or film.

Non-stoichiometric material, especially that which is oxygen de-
ficient is a poor insulator and is better cléssed as a semiconduc-
tor. Resistivity has been shown to be an extremely strong func-
tion of stoichiometry.

Thin films formed or annealed at elevated temperatures are gen-
erally polycrystalline and show good insulating properties. How-
ever, these polycrystalline forms are dense and notably etch re-
sistant, making their adoption to thin film hybrid or integrated
circuit technology difficult.

The dielectric constant of the insulating films ranges from 26

to 178 and above. This extreme range is largely due to various
film growth techniques. It may also be due to the series capaci-
tance of various surface layers, such as low dielectric constant
oxides or impurities adsorbed during processing or from the elec-
trodes. Semiconducting material may form diodes, the capacitance
of which and hence the apparent dielectric constant is a function

of conditions at the junction and not of the bulk.




(5)

i

The large variation in film resistivity has led to a large fam-

ily of devices based on TiO, thin film technology, such as high

2
value capacitors, resistors, diodes and rectifiers. The nega-
tive surface charge in some films observed by Masejian and Mead32
and HarbisonhO has led to speculation about new devices and uses
with the already existing Si/S:'LO2 technology. These include an
n-channel enhancement mode IGFET, passivation layers for various

heterojunction configurations and low bias varicaps and surface

varactors.

In view of what has already been observed and reported above, a research

project was undertaken to extend and unify the TiO

5 thin film technology.

It was hoped all or part of the following features would emerge:

(1)

(2)

A reliable low temperature chemical vapor deposition process,
utilizing tetraisopropyl titanate as the organometallic source
for the film growth would be developed. The low temperature pro-
cess would assure the formation of a film which could be etched
and be more compatible with standard thin film processes.

The measurement of the crystalline phase of the film (as grown)
along with other parameters, such as index of refraction, dielec-
tric constant, dissipation factor, optical absorption, and bulk
resistivity, would be possible using unambiguous techniques.
These same parameters would be measured as a function of anneal
treatments of the film between 150°C and 1000°C.

The exploitation of several unique and novel aspects of TiO2 thin
f£ilm technology would lead to its acceptance as an important hy-

brid and integrated circuit development.




CHAPTER II.

THE CHEMICAL VAPOR DEPOSITION PROCESS

INTRODUCTION

The TiO2 films used in this work were formed in a chemical vapor
deposition arrangement using the organometallic, tetraisopropyl titanate
(TPT) as a vapor source. Film formation came about as a result of the hy-
drolysis of the TPT by wabter vapor in the immediate vicinity of a heated
substrate. Some particular considerations concerning the chemical reac-
tion, the deposition apparatus, and the deposition parameters are now con-

sidered in some detail.

CHEMICAL REACTION

In Chapter I, it was shown that there are numerous ways to
achieve the chemical vapor deposition of TiO2 films. The possible choices
are:

Source i) organic
ii) inorganic
Type of Re- i) pyrolysis
action
ii) hydrolysis
Atmosphere i) reactive
ii) inert

The major inorganic source used is TiClu, a chemical which hy-
drolyzes readily and completely. However, the reaction products of such
a process include HCl which, when formed, can attack the substrate or me-
tallic or oxide layers already deposited on a multilayer arrangement.

This vulnerability to chemical attack is enhanced by the elevated tempera-

ture of the substrate and the surrounding deposition apparatus. While
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this result may not be bothersome while coating non-reactive materials such
as glass or quartz lenses, 1t is a decided disadvantage for use in elec-
tronic applications.

The major organic source is the family of alkyl-titanates. The
vapor pressures of these liquids vary over a wide range lending themselves
to various vapor transport requirements. The chemicals may be reacted at
the substrate by either thermal decomposition or hydrolysis. The reaction
product in both cases is usually an alcohol which is unable to react with
the substrate or the surroundings. The disadvantages of such a source
would be the inclusion of various hydrocarbons in the film in case of in-
complete reaction during formation.

Both pyrolysis and hydrolysis have been used to form the TiO2 at
the desired place. The thermal decomposition reaction can be made to occur
at the substrate by virtue of its elevated temperature. This process usual-
ly involves a moderate substrate temperature, most often between 300 and
500°C and the vapor must not be allowed to hydrolyze by exposure to ambient
water while on the way to the thermal decomposition. On the other hand,

' hydrolysis may occur at room temperature and merely involves the reaction
of the vapor with water. The substrate on, or near, which the action oc-
curs is usually heated slightly (150°C) to drive off the reaction products.
The disadvantage of this method is the lack of control of where the re-
action occurs. TiO2 may be deposited wherever water can mix with the
alkyl titanate.

Hydrolyzing reactions always occur in a reactive atmosphere,
i.e., water vapor. However, thermsl decomposition may be carried out in

an inert atmosphere, such as He or Ar, or a reactive atmosphere such as
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0, (oxidizing) or H. (reducing) and, therefore, several more parameters

2 2

must be considered when analyzing films formed by this technique.

Because a low temperature process compatible with a variety of
substrates is desired, it was decided to choose tetraisopropyl titanate
from the organic choices because of its high vapor pressure and have it
react with water vapor in the vicinity of the substrate.

Tetraisopropyl titanate is one of a family of alkyl titanates,
i.e.y, a family of compounds in which a Ti atom is bonded to an alkyl group
through an O atom. The general formulé for these compounds is Ti(OR)u,
where R represents the alkyl radical. Included in this group are tetrai-
sopropyl titanate (TPT), tetrabutyl titanate (TBT), polymerized tetrabutyl
titanate (PB) and titanium acetyl acetonate (AA).

The process of hydrolysis may be characterized by the following
equation for the above group of materials:

Ti(OR)h + 2H20 - TiO2 + 4ROH
In the specific case of TPT, the process of hydrolysis is carried on in
two steps with the formation of an intermediate compound37

Tl(OC3H7)h + H20 > Ti(oc3H7)2 0+ 2 03H7 OH -

) 0+
Tl(OC3H7)2 0+ H20 > T102 2 03H7 OH

The rate of this reaction is determined by the availability of water va-
por. Ideally, the hydrolysis of TPT continues until the oxide is formed
and the isopropyl alcohol has been driven off. However, one can antici-
pate several problems with a thin film growth process based on this reac-

tion:




(2)

(3)
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Incomplete reaction due to the lack of water at the reaction
surface causing inclusions of unreacted TPT.

Incomplete reaction due to the speed of the film growth, i.e.,
the TPT reacts partially with water to form the intermediate com-
pound, but due to film growth on top of this form, water is not
available to allow the reaction to gc to completion.

The inclusion of alcohol in the film. During the growth process
alcohol escaping from the reaction volume must diffuse up through
any film being formed on top since there is only one surface from

which escape is possible.

It appears then that the deposition parameters should be set while consid-

ering the above possible difficulties. It would seem that the following

steps should be taken:

(1)

(2)

(3)

Sufficient water should be supplied to the reaction during growth.
This water should be supplied in a method to retard reaction be-
fore the vapors reach the substrate.

The film growth rate should be kept slow enough to allow the re-
action to move to completion. 8Since the surface of the film is
simultaneously serving as the site where newly arrived TPT and
water react for the first time, the source of water for material
already in the process of reaction and the exit point for any al-
cohol released from completed reactions the growth must be slow
and orderly to avoid inhibiting any of the reaction steps.

The substrate should be held at a high enough temperature to aid
any processes which are thermally activated and thus speed the

reaction and film growth. It is essential to drive off the
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alcohol from the reaction to preclude inclusion. The film coher-
ence, that is the presence of ordering at some range, is also as-
sisted by heating.

DEPOSITION APPARATUS

The deposition apparatus used to grow the films in this work is
shown in Fig. 2. The system is quite simple and operation is straightfor-
ward. Helium carrier gas of a known purity (99.995% pure; 0.2 ppm H2, 10
ppm Ne, 7 ppm N2, 0.9 ppn 02,0.2 ppn COE’ no trace of hydrocarbons, anal-
ysis did not include water vapor content) is supplied through a regulator
with a line pressure of 10 psig. This gas is passed through a molecular
seive which serves to extract any water vapor. An LN2 cold trap was em-
ployed initially at this point to achieve this same purpose, but it was
found that there was little, if any, difference between results with the
molecular seive and the cold trap. A flowmeter is employed to monitor the
flow of gas to the vaporization bottle. Flows between 0.1 1/min. and 2
1/min. can be gauged accurately. The liguid TPT vapor source is kept in a
glass washing bottle which is, in turn, submerged in the water of a constant
temperature bath. The temperature of the source may be kept between room
temperature and 100°C; however, it was found that the best temperature range
for controlled film growth is between 75° and 85°C. The He carrier gas is
passed over the surface of the heated TPT and not bubbled through. It is
felt that this minimizes the possibility of small droplets of TPT travel-
ling with the carrier gas stream and being deposited, unreacted, on the
surface of the substrate. The lines between the vaporizer and the sub-

strate have been kept as short as possible to prevent any condensation of

the TPT out of the carvier stream.
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The water vapor source is merely a flask containing boiling dis~
tilled water. In this case, the carrier gas is 002 (99.8% pure; O2 43 ppm,
HQO 23 ppm, Ar 23 ppm, N2 12 ppm, H2 CO, NO < 5 ppm, hydrocarbons v 1 ppm),
which 1s regulated by a flowmeter, but not filtered. Once again the car-
rier is passed over the surface of the water and not bubbled through it to
prevent droplets of water from arriving at the substrate. The lines from
the vaporizer to the substrate are heated to 150°C to prevent condensation
of the water vapor.

The substrates for the film growth are heated on a hotplate in
the open atmosphere. The temperature of the substrate can be caried be-
tween room temperature and 350°C and maintained at a temperature of + 15°.

The delivery lines from the TPT and water sources are brought to-
gether and run parallel to about 1 to 2 inches from the substrate. Beyond
this point, the gas streams are allowed to run parallel and intermingle un-
til they impinge on the substrate. PFairly good mixing is achieved by the
turbulence at impact. The film growth can then be controlled manually by
moving the substrate around under the nozzles or by moving the nozzles them-
selves, Some practice with this method allows the operator to control the
thickness of the film within 100-200 & over a fairly large area (1-1/4"
diameter Si wafers) by observing the sharp interference colors of the film
during growth.

A number of experiments were run without using the extra water
vapor source, relying only on the ambient water vapor in the atmosphere to
supply the reaction. The growth dynamics appeared to be almost identical
in both cases and later work showed that films grown by both methods have

similar crystalline, optical and chemical properties. Later chapters will
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show that the only differences observable were in the electrical proper-—
ties. Hence it appears that the effects of providing an atmosphere satu-
rated with water vapor are fairly subtle and detectable only by electri-
cal measurements. Most of the tests for crystalline, optical or chemical
properties were run on samples made‘without the extra water source. How-

ever, this source was always used to make samples for electrical testing.

Typical values for the parameters in a deposition are given below:

He flow rate -1 1/min.
TPT temperature - T5°C
Substrate temperature - 150°C

CO2 flow rate - 0.25 1/min.

With these parameters a 1-1/4" substrate can be covered with 2000 R of
TiO2 with good uwniformity in 10 minutes.
SUBSTRATES

Films were grown on several substrates for a variety of experi-

ments:

(1) Fused quartz discs were used for optical transmission experi-
ments, X-ray diffraction analysis and adherence measurements.

(2) Soft glass microscope slides served for experiments in the X-
ray diffraction analysis and adherence measurements.

(3) Fused quartz covered with evaporated Pt films were used with
the ellipsometer and interferometer to determine the anneal vs.
thickness and index of refraction relationships. Metal-insula-
tor-metal capacitancé data was also obtained.

(k) Polished Si wafers of both p and n type in the resistivity range

from 3 § cm. to 0.5 & cm. were commercially prepared with a
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special electromechanical polishing process. Samples on these
substrates were used for X-ray analysis, metal-insulator-semicon-
ductor electrical measurements and interferometric and ellipso-
metric studies of the index of refraction.

The fused quartz and soft glass substrates were cleaned

thoroughly in a low residue detergent and then rinsed for a period of time

in deionized water before film deposition. The Pt films were annealed at

1000°C for 5 minutes in air to stabilize them and no further cleaning was

required or performed. The Si wafers were used as supplied.

DEPOSITION PHENOMENA

A number of observations have been made about the film gquality

as a function of the deposition parameters of the system described above:

(1)

TPT bath temperatures between 90 and 100°C for an He flow rate of
1 1/min without the extra water vapor source produced a film
which was rather milky in appearance with somewhat diffuse inter-
ference colors. Microscopic examination revealed that the film
lacked coherence, but rather was made up of tiny stacked spheres.
The film had an odor of alcohol or TPT and was soft enough to be
"smeared" with a cloth. It is felt that the TPT was delivered

at a rate too fast for complete hydrolysis to occur and that the
resultant film was actually small droplets of TPT whose surfaces
alone had reacted with the ambient water.

He carrier gas flow rates greater than 2 1/min for a TPT tempera-
ture of T75°C and no extra water vapor produced similar results

to the above, but less pronounced. Once again the growth rate
was extremely fast and the film undoubtedly is made up of only

partially reacted components.




(k)

(5)

(8)
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Bringing the nozzle closer than 1 inch to the substrate also pro-
duced incomplete reaction since it appears that the TPT has not
had enough time to mix with water vapor from the extra source or
the atmosphere before depositing on the substrate.

Films grown at room temperature or below approximately 100°C have
a milky cast and are quite soft. These films may be the result
of incomplete reaction or the inclusion of alcohol in the struc-~
ture.

Excessive water vapor carrier flow rates (> 0.50 1/min) caused a
white powdery deposit rather than a film to form on the substrate.
This powder appeared to be TiO2 and was the result of premature
hydrolysis of the TPT over the substrate which then "rained" on
the area below. Intermediate amounts of water vapor resulted in
films which had some white powdery inclusions.

Positioning the nozzle at a distance of approximately 3" or more
from the substrate caused an extremely low growth rate and was
always accompanied by the presence of the white powder due to
premature reaction.

Argon gas was substituted for He as the TPT carrier. Little dif-
ference was observed except for an increased growth rate. Lower
Ar flow rates were used to maintain approximately the same growth
rate as with the He carrier.

Some white powdery deposits were observed inside of the TPT va~
porizer bottles and in the gas lines as the eguipment was used
over a number of runs. The powder was quite like that described

above and is observed to be due to reaction with water vapor




(9)

(10)
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present either in the carrier gas or leaking into the system be-
tween runs. The system had to be disassembled and cleaned at
regular intervals to keep the powder from becoming air-borne and
being deposited on the substrate.

Any smooth object which could be heated could be coated with a
film of Tiog.

When film thickness of 4000-5000 i were reached during a normal
deposition process, cracks would often appear in the film and
propagate over the surface of the deposited layer reducing it to
a field of small triangular pieces of film, separated from the
substrate and slightly convex up. This phenomenon was observed
on all of the substrates mentioned above at approximately the
same thickness. Several experiments were performed to determine
the reason for this behavior. It was observed that films grown
on a fused quartz substrate already coated with several thousand
K of material grown at 150°C cracked and pulled away from the
quartz when the total thickness of both films fell in the 4000-
5000 X range. However, if a quartz substrate was covered with
several thousand 2 of TiO2 which was then annealed above 350°C
(to be discussed in the next chapter) a subsequent growth of Ti0,
at 150°C would crack only when it reached 4000-5000 R leaving the
sub-layer of T102 intact on the substrate. While no explanation
is given for such behavior, it is felt that a combination of sur-
face tension, thermal cocefficients of expansion and film adher-

ence are responsible. The phenomenon is quite similar to that

b
reported by Peterson > for chemically vapor deposited alumina
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silicate films or for electrodeposited Ni films reported by

Powell, et al.35. This cracking of the T102 was not observed

for films grown at 300°C or above and deposits thicker than

8000 & was formed at that temperature.




CHAPTER IIT.

CRYSTALLINE PHASE, INDEX OF REFRACTION, OPTICAL AND
CHEMICAL PROPERTIES AS A FUNCTION OF ANNEAL

INTRODUCTION

In Chapter I, the various technigues for growing thin films of
TiO2 were reviewed. Some of the methods, such as CVD or thermal oxidation,
involved the direct heating of the substrate from temperatures of 150°C to
over 900°C while other processes, such as reactive sputtering or vacuum
evaporation impart energy to the growing film, not necessarily by heating
the substrate directly, but through the kinetic energy of the impacting
particles. In general, the low temperature processes resulted in films
identified to be amorphous and characterized by a low index of refraction
while the higher temperature films (300-900°) are thought to be polycrys-
talline composed of anatase or anabtase-rutile crystals and having a larger
index of refraction (2.2 to 2.65). The samples made by Feuersanger
seemed to be the notable exception in that, although grown from TiClh at
150°C, the films possessed a high index of refraction (2.55) quite close
to that of pure rutile reported by Haas™ (2.65), yet could be etched
in a 10% HF solution, a property reserved mostly for the amorphous or low
anatase form.

Most notably lacking in the work surveyed above is a comprehen-
sive set of experiments correlating the growth or anneal temperature with
various measurable parameters of the resulting films, such as the crystal-
line phase, index of refraction, dimensional changes, chemical activity in
various etches, optical absorption, and others. Not mentioned are the ob-

vious electrical measurements possible, such as the electrical nature of
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the film (semiconductor or insulator), the dielectric constant and dissi-
pation factor, the critical breakdown field and the nature of the surface
states at the TiOE—Si interface. Discussion of this second group will be
deferred until Chapter IV. It will then be the object of this chapter to
present the results of a series of experiments which were designed to study
the effect of annealing at various temperatures on the films grown by the
process described in Chapter II.

X~RAY DIFFRACTION ANALYSIS OF CRYSTALLINE MATERIAL

A number of samples were made to measure the crystalline phase
of the TiO2 thin films on various substrates as a function of anneal temp-
erature after the film growth at 150°C. These samples will be referred to
as follows:

1. Powder Samples

2. TiO2 on Fused Quartz
3. TiO2 on Soft Glass
L, TiO2 on Polished Si

A1l X-ray diffraction analysis were performed on a General Elec-
tric XRD-5 powder diffractometer using copper Kal radiation. While only
one group of samples is powder, it was found that 3000~4000 K of the TiO2
thin films provided sufficient scattering to allow meaningful interpreta-
tion. To test for any preferred orientation that might occur in a particu~
lar film-substrate configuration, the amplitudes of various diffraction
peaks were observed as the sample was rotated in its holder. Large varia-
tions did occur when a preferred orientation was present in the polycrys-

talline mabterial, while little or no variation occurred when no preferred

orientation existed.
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1. Powder Samples

These samples were made by allowing the standard deposition pro-
cess to continue for several hours until a white powdery deposit had built
up on the microscope slide substrate. This deposit could be scraped off
easily, ground into a fine white powder and divided into groups for test-
ing.

Analysis of the "as grown'" 150°C powder showed no signs whatso-~
ever of crystallinity and it is assumed to be amorphous. A sample heated
to 350°C to 10 minutes in air revealed the presence of the anatase form of
TiOQ. It is evident that after this short anneal only a portion of the pow-
der has become crystalline since only the 100% and 33% lines were observed
(see Table I). A third sample annealed at 700°C for 2 hours was composed
of a mixture of the anatase and rutile forms. All of the anatase lines
from 100% to 19% along with the three strongest rutile lines were observed.
A longer anneal (8 hours) at the same temperature resulted in the same mix-
ture of phases with all but the weakest rutile peak present. A 20 hour
long anneal at 1000°C completely converted the powder into the rutile form,
no anatase peaks were observed whatsoever.

A portion of the amorphous powder was allowed to remain out in
the air at room temperature for a period of one week. After this time the
material was still amorphous and showed no tendency toward the crystalline
state.

2. T102 on Fused Quartz

A 3000-4000 R film of 710, was grown on a polished wafer of fused

2
guartz which had been cleaned in a very mild HF etch, thoroughly rinsed,




ANATASE RUTILE
*d" CRYSTAL INTENSITY % “d" CRYSTAL INTENSITY %

SPACING . PLANES SPACING PLANES
3.51 101 100 3.245 110 100
2.435 103 9 2.489 101 41
2.379 004 22 2.297 200 7
2.336 112 9 2.188 111 22
1.891 200 33 2.054 210 9
1.699 105 21 1.687 211 50
1.665 211 19 1.624 200 16

TABLE I.

CRYSTALLINE "d" SPACINGS FOR ANATASE AND RUTILE TiOZ.
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and then heated at 1000°C for 10 minutes in air to drive off any surface
contamingtion. As in the case of the powder, the "as grown" film proved
to be amorphous. After a 350°C anneal for 10 minutes, a few of the
stronger anatase lines were present. These same lines were observed in

a sample identical with the first but grown at 300°C and then tested with-
out benefit of an anneal. Unlike the powder sample, no rutile lines ap-
peared after a l-hour anneal at TOO°C and only the stronger anatase lines
(100% and 33%) were observed. The sample was then heated to 1000°C for 1
hour and tested and then 20 hours and tested. In each case, more anatase
lines were found (down to the 19%), but even after the long anneal only a
trace of the strongest rutile line could be found.

Hence, it appears that the simple transition from amorphous to
anatase to rutile as exhibited by the powder sample does not take place
with the fused quartz substrate. It is evident the substrate and the ana-
tase phase of the film find some type of preferential "match' which causes
this phase to be energetically preferred. While no sharp peaks associated
with the fused quartz could be found, a large, wide peak in the background
noise centered near a d-value of approximately 3 K was found to be due to
the fused quartz. This may be due to the formation of minute crystallites
at the surface of the quartz during the 1000°C anneal prior to the film
growth or durihg the film anneal. It may be this surface condition which
causes the TiO2 to remain in the anatase phase. A similar phenomena may
have been observed by Krylova and Bagdky'yantsh6s who reported that optical
coatings made for fused quartz lenses by dipping them into a solution of

orthotitanic acid and subsequently dried at 900°C remained in the anatase

form.
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3. T102 on Soft Glass

In order to partially test the validity of the conclusions above,
the experiment was repeated using a soft glass microscope slide as the sub-~
strate rather than the fused quartz. The surface of the slide was etched
very lightly in dilute HF, rinsed and then baked at 350°C in air for 1 hour
to drive off surface contaminants. A film 3000-4000 R thick was then grown
at 150°C and tested. As expected, no crystalline peaks were observed. Af-
ter a 10 minute anneal at 350°C, the stronger anatase lines were observed.
Unlike the film on the fused quartz, lines from both the anatase and rutile
forms were easily seen after 10 minutes at T00°C. No diffuse scattering
peak due to the substrate was observed. Longer anneals at elevated temp-
eratures were not possible because of the softening of the substrate. Hence
it appears that the behavior of the film on soft glass is guite similar to
that of the powder sample.

Ly, TiO2 on Polished Si

A 3500 K film of TiO2 was grown at 150°C on a commercially pol-
ished (described previously) single crystal Si wafer, 1 Q@ cm. n~type. The
< 100 > crystal axis was known to be inclined several degrees away from
the wafer axis making it possible to orient the Si slice with respect to
the impinging X-ray beam to minimize the signal diffracted from the Si at
the collector. BEven following this procedure the lines due to the Si lat-
tice were extremely strong compared to those from the T102 surface film
and a daba subtraction technique had to be employed. A complete set of
peaks were obltained for thé 8i crystal itself by running it before the

TiO2 film was deposited. These peaks were then subtracted from any results
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obtained for the Si and the annealed TiO? film. Any resulting peaks were
then candidates for identification.

As with the previous substrates, the 150°C material as grown
proved to be amorphous. After annealing at 350°C for 30 minutes only the
strongest anatase peaks could be identified, most likely because of the
high background scattering. Both anatase and rutile forms were detected
after a l-hour anneal at T00°C and only rutile peaks could be seen after
2 hours at 1000°C. It is evidently the case then that the material on the
Si acts quite similar to the powder sample and shows no special surface
effects as in the case of the Ti02 and fused quartz.

Table 11 summarizes the data for the films on the various sub-
strates. It appears, then, that the transition between the amorphous phase
and the anatase occurs near 300°C. This conclusion is substantiated by
some of the work reviewed in Chapter I. MitchelluT reported anatase crys-
tallites present in an amorphous matrix after heating a compound film to
300°cC. Haasl observed that films grown from the vapor phase below 280°C
were amorphous while those grown at temperatures above 280°C were anatase.
Krylova and Bagdyk'yantsu6 reported that films cured above 350°C showed the
characteristics of anatase while those cured at lower temperatures remained
amorphous. Yokozawa and Iwasa,)’(2 showed that films grown by thermal decom-

position of TPT in N, between 400° and 700° are mostly anatase. Anneals in

2
the range of 400° to approximately 850°C result in a mixture of the anatase
and rutile crystalline forms, while heating at 1000°C seems sufficient to
produce completely rutile material. Sakurai and WatanabeuB produced com-
pletely rutile films by thermal decomposition of TPT in a vacuum on sub-

strates heated to greater than 900°C. Haas:L also found that thermally

formed oxides on bare Ti mebtal at 1450°C and above were rutile.




CRYSTALLINE PHASE VS. ANNEAL

FOR SEVERAL SUBSTRATES

ANNEAL
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TEMP. POWDER SOFT GLASS POLISHED Si FUSED QUARTZ
150°C
(as grown) AMORPHOUS AMORPHOUS AMORPHOUS . AMORPHOUS
350°C ANATASE ANATASE ANATASE ANATASE
700°C RUTILE RUTILE RUTILE ANATASE
+ANATASE +ANATASE +ANATASE
1000°C RUTILE RUTILE ANATASE

ALL ANNEALS CARRIED OUT IN AIR

TABLE L1
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INDEX OF REFRACTION, THICKNESS CHANGE

Much of the work reported and synopsized above has defined a
strong dependence of the index of refraction on density which is, in turn,
a function of the degree of crystallization. Index values and densities
in the neighborhood of 2.0 and 2.45, respectively, have been reported for
the amorphous films while these values for the rutile films are approxi-
mately 2.6 and 4.2, respectively.

Experiments were run in order to measure the index of refraction
and the thickness of a film as a function of the anneal treatment. While
measurements on the absolute specific gravity of the films were not made,
it is assumed that any changes in thickness are proportional to changes in
the density of the films since their surface area and mass remains con-
stant.

Measurements of both the index of refraction and the thickness
were made by a multiple beam interference microscope and an ellipsometer.
Excellent discussion of both methods is included in Chapter I of Burger
and Donovanu9. The 5460 K green line of Hg was used with both methods so
all index values will be valid for this wavelength only.

The multiple beam method involves etching a step in the film to
be measured, covering the step with a highly reflective vacuum evaporated
metal which duplicates the step perfectly and then measuring the displace-
ment in interference patterns set up by a reference plane. In this case,
the thickness is then

thickness of film = (displacement of interference fringe)

x (wavelength/2)

Once the thickness is known, the index of refraction may be calculated by
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counting the number of Fizeau interference fringes in the uncovered sec~
tion of the etched step under monochromatic light. In order to accomplish
this, the step must actually have some slope to it and be a wedge. The

index, n, can then be calculated as

wavelength)( 1 )
2 thickness

n = (# of fringes in wedge)(

The ellipsometer method measures the index of refraction by mea-
suring the rotation of elliptically polarized light passing through the
film. The thickness can then be calculated from the index. In our labora-
tory, the calculations are made with the help of an ellipsometer computer
program and an XDS 930 research computer.

Data was taken on two sets of samples, thin film TiO, on Si and

2

thin film TiO2 on evaporated Pt on fused quartz. Interferometer and ellip-
sometric measurements were made on both sets of samples and the results
were averaged. Fig. 3 shows the index of refraction and the thickness as
a function of the anneal temperature. The transition between amorphous
and anatase can be seen quite clearly near 300°C by the sudden increase

in both the density and index of refraction. No clear transition between
the anatase and rutile forms exist since the two crystalline forms co-ex-
ist over a fairly large temperature range. Similar data is portrayed in
Fig. b4, except the absolute values for the specific gravity have been
given based on the value calculated by Yokozawa and Iwasahz of 2.5 gm/cm3
for an amorphous film with an index of refraction of 2.0. Data points ex-~
tracted from various authors are included in the graph. In general, their
data is clustered near the curves representing the results of this work.

2

The work of Feu@rsangerDS and Harbisonho are notable exceptions. In the
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case of Feuersanger, the TiO2 films, grown at 150°C, have high indices of
refraction (v 2.5) and are quite dense, indicative of the rutile form.
However, the films are easily etched in a 10% HF solution. In the light
of all of the other data, these conclusions seem to be mutually exclusive.
On the other hand, the samples fabricated by Harbison were most likely in
the rutile form. His index of refraction and thickness data was obtained
by using standard ellipsometric techniques. Such techniques when used
with material of a high index of refraction result in index values which
are especially vulnerable to measurement errors (see reference 49, Fig. 2-40).
It is believed that the large discrepancy between the index value deter-
mined by Harbison and the values generally accepted for the rutile form
may be due to such an error,

Some question about the surface quality of the films after a
shrinkage to 62% of the original thickness was entertained. It would ap-
pear that such a violent reduction may set up surface stresses which tear
the film apart in the process. This, however, proved not to be the case,.
Electron micrographs taken with a Jeolco SEM2 scanning electron microscope
could resolve no surface detail such as cracks, tears or eruptions at
20,000X after an anneal at 1000°C. An occasional pinhole or dust particle
could be seen breaking the surface of the film. This is to be expected
and is not a result of the annealing process.

A simple model may be postulated for a change in the index of
refraction as a function of any change in the density. The dielectric con-
stant of the materisl may be written as the sum of its various components,

i.e.,
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Dielectric Constant = Contribution of Lattice
+ Contribution of Molecules
+ Contribution of Atomic Electrons
+ Misc. Contributions
An optical frequencies, it is reasonable to expect a contribution from the

orbiting electrons alone. Hence

Kopr =

<|=
g

where %-is the number of atoms per unit volume and P is the polarizability

per atom. This dielectric constant and the index of refraction are re-

lated as

or

(X pyL/2

NP,1/2
: (AE

Ad

where A is the area of the film and d its thickness. If it is then assumed
that the number of atoms is the same during the crystallization process and
that the polarizability P is a constant, then the only change occurs in the
volume or specifically the thickness if the area A remains constant. Hence,

n t
1 ( 2)1/2

o Y

A plot of the index ratio vs. the square root of the thickness ratio is
shovn in Fig. 5. A fairly good straight line dependence is observed.

SUSCEPTIBILITY TO CHEMICAL ETCH

In

Chapter I it was mentioned that one of the major drawbacks to

utilizing Ti02 films as they were being prepared up to that time was a cer-

tain difficulty etching the films with standard I.C. techniques. Generally,
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films ldentified as amorphous have been fairly easy to etch while the ana-
tase form can be etched with some difficulty and the pure rutile forms are
guite impervious to chemical attack. In an early book on the subject,

50

Barksdale observes that TiO, is known to be somewhat soluble in HESOA’ a

2
few strong alkalis and HF. If, however, the TiO, is heated near 1000°C

2
the resultant form is almost completely chemically inert.

Determination of the etchability of films after various anneals
was done using TiO2 thin films on polished Si wafers and a solid block of
polished Pt.

Amorphous films were found to be quite easily etched in very
weak HF solutions. A standard 0.5% agueous, HF solution gave etch rates
on the order of 50 to 75 X/sec for the amorphous material. These etches
were performed at room temperature and proceeded quite uniformly over fair-
ly large areas with no resulting residue. Room temperature concentrated
HQSOA etched this material rather slowly, but increasing its temperature
to 50°C increased the etch rate to approximately 25-40 K/sec. Hot HBPOh
was also used, but some residue and staining of the film resulted.

Anatase films, i.e., those annealed at 350°C, appeared to be un-
affected by the 0.5% HF. Concentrated HF (48%) etched the films on the Pt
substrates fairly slowly and, abt times, rather non-uniformly. This same
etch caused the TiO, to be lifted off the surface of the 5i wafers, evi-

2

dently by undercutting them and dissolving a very thin layer of 510, pres-

2
ent there. Once again hot (50°C-100°C) Hgsoh etched the T102 on both sub-
strates at a relatively slow rate (< 15 f\./sec)= Films annealed at T00°C

proved even more difficult to etch in the HF and HQSOhQ As expected, how-

ever, the rutile films were almost impervious to chemical attack.
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Undercutting of films on Si was again observed with 48% HF. The Ti02 £ilm
floated off and broke up into small triangular patches, some 1 mm on an
edge. It seems that while undercutting did occur, the HF did not actually
attack the TiO2 itself. This conclusion was borne out by the TiO2 on the
Pt substrate which was unaffected by the 48% HF. Very hot HESOh (120° -
200°C) was shown to have some effect, but the etch rates were quite small
(v 1000 &/hour).

It seems fairly obvious that the amorphous film alone lends it~
self readily to the various etching operations necessary to have a compat-
ible thin film technology since it can be removed completely or partially
(i.e., the thickness can be reduced) in a uniform and controllable manner
with a weak, room temperature etch. While the higher crystalline forms
could be completely removed from the surface of Si with HF by undercutting,
this would generally be viewed as undesirable. Etching with hot (> 100°C)
HQSOM is also extremely undesirable since few, if any, commercial photo re-
sists would hold up under such extreme conditions.

Yokozawa and Iwasa,u2 reported that their amorphous material was
etched in very dilute HF at rates between 4 and 60 K/sec., while their
anatase films were etched only slowly in more concentrated solutions.
Feuersanger's38 data seems to be contradictory in that he states that his
films could be etched easily in a 10% HF solution. This is as expected
since they were grown at 150°C and are, most probably, amorphous. However
the author states his belief that the films are crystalline, a mixture of
anatase and rutile, based on the index of refraction. Harbisonuo reported

an eteh rate of T00 ﬁ/min° in k8% HF for material grown at 800°C. There

seems to be some gquestion about this conclusion in light of the above work.
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OPTICAL ABSORPTION

An optical transmission spectrum for a thin layer (2600 R) or
anatase ’I‘iO2 on a fused quartz disc is shown in Fig. 6. It is obvious
that there is a strong absorption in the u.v. at .32 u corresponding to
a photon energy of 4 eV. A similar absorption peak centered at .32 u was
observed by MaserjianSl for a completely rutile thin film. The absorption
in an amorphous film was also measured and similar results were noticed,
except that the absorption in the u.v. was far less sharp, although cen-

T

tered at the same energy. Van Raalte' reports that optical transmission
experiments on a single crystal places the 3d conduction band about 3.2 eV
above the valence band. MaserjianSl attempts to reconcile the two pieces
of data by suggesting that the bandgap may well indeed be 3.2 eV and that
the 4 eV represents a transition between the O~2(2 p) and the Ti+5(h p)
bands. While this may or may not be the case, it is evident that the U4 eV
absorption edge exists in all forms of the film and, if it does not indi-

cate the bandgap limits, it certainly remains the strongest optical absorp-

tion mechanism in both the crystalline and amorphous material.




CHAPTER 1IV.

ELECTRICAL CHARACTERISTICS

ITNTRODUCTION

As with the properties discussed in Chapter III, some electrical
characteristics of thin film TiO2 have been studied for various film-making
techniques and film treatments. This work was reviewed in Chapter I and it
was pointed out there that little attempt has been made to correlate the
electrical properties measured with the crystalline nature of the film or a
series of anneals under known conditions. It is apparent from other work
that the resistivity of TiO2 is a strong function of the stoichiometry of
the material along with the defect density and a number of other structural
properties.

Keeping the results of previous authors in mind and utilizing a
number of facts presented in Chapter IIT, it is the purpose of the experi-
ments and analysis in this chapter to unify the various electrical para-
meters, such as resistivity, dielectric constant, dissipation factor, sur-
face stabe density and electron conduction mechanisms in terms of the an-

neal history of the thin films.

SAMPLES AND EQUIPMENT

The majority of the data was taken on simple capacitor-like sam-
ples of either a metal~insulator-metal (MIM) or metal-insulator-semicon-
ductor (MIS) structures. TFigure T shows a cross-sectional representation
of both of these samples. The MIM samples consist of a polished fused
gquartz substrate, an evaporated Pt film for the bottom conductor, the 'I‘:'LO2
thin film deposited at 150°C and annealed and an evaporated Al dot for a

counter electrode. A simple "screw-down" pressure contact was used to

Lo
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make contact with the Pt electrode while a spring-loaded probe was used to
contact the top Al. The spring tension could be adjusted to exert a pres-
sure on the Al sufficient to make good electrical contact while exerting
the minimum force on the TiO2 layer beneath. In general, care had to be
taken only while contacting the low temperature, "as grown' samples since
the insulators annealed at elevated temperatures proved to be quite dur-
able.

The majority of MIS samples have p type 1-ohm cm. substrates.
Ohmic contact to these substrates is made with a Galn eutectic paste on
the backside of the wafer. The TiO2 layer and the Al counterelectrode are
similar to the MIM samples. In both cases, the Al dot is on the order of
.25 mmg.

Two types of electrical data were taken from these samples:

(a) Current-voltage d.c. measurements (I-V)

(b) A.C. small signal capacitance vs. d.c. bias (C-V)

Figure 8 shows a schematic representation of the electrical test
apparatus. In the case of both the I-V and C-V measurements, the d.c.
bias is varied manually and the subsequent current or capacitance is mea-
sured. It is recognized that due to the inherent lack of speed of taking
data with this method any ionic drift present will manifest itself as dis-~
tortion in the curves. " On the few occasions that such drift was observed
its magnitudé was recorded and its sighificance mentioned in the analysis.
The capacitance data is limited to frequencies between 20 Hz and 100 kHz.No

high frequency data above 100 kHz could be obtained and the parameters

messured are characteristic of the films between 1 kHz and 100 kHz.
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ELECTRICAL MEASUREMENTS

(1) The 150°C "As Grown" Material

From the previous chapter,.it was found that this material is
amorphous, of relatively low density and index of refraction. There is
some possibility that pockets of reaction products or unreacted TPT are
incorporated into the film. For this reason and owing to its relatively
low density and unordered amorphous structure, it would not be unreason-
able to anticipate that these films are poor insulators and exhibit a mix-
ture of properties characteristic of insulators and high resistivity semi-
conductors,

Fig. 9 shows the I-V characteristics of a typical MIM structure.
Immediately obvious is the strong asymmetry of the current with bias.

Such a characteristic is suggestive of some type of diode action and re-
sembles the results obtained by LakshmanangB, Magi1122, Huber and
Rottersmanzl, Komolova and Nasledov31 and Dorin and Patrokova52 for sput-
tered and anodized films. All attempt to explain the I-V and C-V charac-
teristics they observe in terms of a graded p-n junction internal to the
Ti02 itself or in terms of a Schottky barrier at the TiO2 electrode inter-
face. It is not unreasonable to expect the presence of a graded junction
in an anodized layer of TiO2 due to the drift of Ti ions in the anodized
field. However, for other methods of film formation, such as CVD, it is
difficult to imagine how such a junction could come about and homogeneous
bulk prOéerties are far more plausable. On the basis of the work reviewed
in Chapter I, it is expected that the bulk properties of the T102 will re-

semble those of a high resistivity n type semiconductor. Huberlg reports

a work function for Ti02 of this description of approximately L.3 eV.
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By postulating that this low temperature TiO, is a high resistiv-

2
ity n type semiconductor with a work function of approximately 4.3 eV, it
is possible to explain the I-V characteristics on the basis of a Schottky
Junction at the TiOZ—Pt interface. The Al electrode, with a work function
of 4.2 eV, will form an ohmic contact with n type T102 ﬁhich has a higher
work function. The characteristics will be governed by the barrier at the
TiOE-Pt interface and the bulk properties of the Ti02.

The nature of such a metal-semiconductor junction is considered
by Shockley53 and Hen:‘LschS)1L and most recently, quite thoroughly by Szess.
He considers three separate approaches to current transport in Schottky
barriers: (a) the simple thermionic theory; (b) the isothermal diffusion
theory; (c) a general theory which incorporates currents due to both (a)
and (b) into a single thermionic-diffusion current. It is this last theory
which will be utilized here. Details of the derivation will not be con-
sidered.

The complete Schottky I-V characteristic based on the thermionic-

diffusion theory can be expressed as:

7= oy ) [1]
where
ad
2 BN
= * % e
JS A¥¥TT exp ( o
and
A¥¥ = pA¥%f £ /(L 4+ £ f v /v.)
P q/( pa R/ D

A¥* is the Richardson constant usually associated with metals. The value
of this constant is reduced by the factor containing fp and fq which are
the probabilities of an electron crossing the barrier and then being gcat-

tered back by optical or phonon scattering and reflection due to quantum
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mechanical scattering respectively. The gquantities vy and vy are the ef-
fective diffusion velocity and the effective recombination velocity, re-
spectively. The value of A¥¥ for electrons in a metal-n type Si system

is approximately 110 amp/cm2°K2, while for holes in a metal-p type Si sys-
tem the &alue is approximately 30 amp/cmzng. The meaning of ¢BN is best
explained by Fig. 10. The rounding of the barrier near the interface is
due to the superimposed effects of the electric field associated with ion-
ized donors and the image force correction. The barrier lowering due to
these forces is represented in the figures as A¢. Using Eq. [1], the gen-

eralized Schottky current is

qv/kT

J = A**T2 exp {- E%-¢BN} {e -1} [2]
R exp {- E%'?BO} {e E%-(V *A0) 1} [3]

In the forward direction, i.e., with the Pt biased + with respect

to the TiO the exponential term containing the bias V becomes much larger

23

than 1. Hence, the forward current may be written

3 2 g g (Vv + a¢)
Jp = A% exp {- o ¢BO} exp {kT } (k]

Both A*¥% and A¢ are functions of the junction bias. In addition to this
dependence some portion of the applied bias, V, is dropped across the TiO2
bulk. This voltage drop may be expected to be exponential rather than
linear because of the high resistivity and insulating nature of the bulk.
These effects will have a tendency to reduce the junction current for a
given applied bias. Correction for the functional dependence of A¢ on V
and the bulk voltage drop may be made by altering the argument of the ex-

ponent, i.e.,
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Jp * €xXp {g%%4 [5]

where n > 1 and may be found as

-1
n w7 0v/3  (1nJd)

From Fig. 9, the slope of the characteristic in the forward direction is

20.7/volt. Equating this with the argument in Eq. [5]

—= = 20.7/volt
yields
n = 1.86
This correction has been found to be 1.02 for a W-Si diode of fairly low
bulk resistivity and 1.04 for a W-Gals diodeS6.

By extrapolating the forward characteristic to give the zero bias
current J(0), the barrier height can be obtained from the following equa-
tion

2

= by - 00 = Elaa (AR5 [6]

¢BN
. -10 2 .
For an intercept of 9 x 10 amp/cm” and A¥¥ equal to the Richardson con-

stant of 120 amp/cm2

¢BN = .95 eV

This barrier height is a function of the surface state density at the inter-
face, the metal-semiconductor work function difference and the barrier low-
ering term. Assuming that the effect of the surface states are small

¢BN = ¢m - X = A(i) [7]

where x is the electron affinity of the TiO2 and is related to the work

function, ¢w, and the distance of the fermi level from the conduction band

edge.




From Eq. [7]

>
I

(i)m - q)BN - Aqb

For Pt ¢m = 5,2 eV and, at moderate fields, 0.1 < A¢ < 0.3 eV. Then

X 5.2 = .95 - .2 = 3.95 + .1 eV
Using the value of 4.3 for the work function discussed earlier, obtain

B, - By = b.3-(3.95+.1) eV = .35+ .1eV
This value is quite similar to a wvalue (0.25 eV) reported by Harbisonho for
the trap depth of sites in insulating Ti02.
In the reverse direction, the exponential term in V becomes small

compared with 1. From Eq. [3] the reverse current is

J_ = A**T2 exp {-

. } exp {;% A} [9]

9 ¢
kT "BO
From thils expression, it is evident that the reverse current is controlled
by the barrier lowering term, A¢, which is a function of the electric field.

This functional dependence, developed in the classical Schottky theory is:

Ay = {E;%§2—41/2 [10]
o o

where € is the electric field at the barrier and KO is the optical relative
dielectric constant of the material. The electric field at the junction of

a back-biased, one-sided abrupt junction in terms of the applied bias can

be calculated from Poisson's equation to be

2gN
_ D 1/2
g = | Ke_ (Vv )

where Vbi is the built-in wvoltage of the junction, ND is the density of

donor sites in the semiconductor and K is the low frequency relative
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dielectric constant of the material. Combining Egs. [9], [10] and [11]

I« emVl/lL
R

[12]
where m is the slope of the characteristic., This dependence on Vl/Ll is
only the case if a portion of the applied bias is used to increase the de-
pletion layer width in the semiconductor. However, 1f the donor density is
very low, i.e., a material is ofahigh resistivity as is the Tiog, the de-
pletion layer may easily extend throughout the bulk of the material and

reach the counterelectrode at some applied bias V After this has oc-

dl
curred, the electric field across the barrier increases linearly with ap-

plied bias. That is, for V > Vd

[13]

where &d is the field corresponding to Vd and d is the thickness of the TiO

layer. In this case,

JRtx exp[m' (V - Vd)l/2]

where m' is the slope of this characteristic.

The inset in Fig. 9 shows I

g 8 a function of (v - Vd)l/z, where

Vd has been allowed to be 2 volts. A fair straight line agreement is ob-
served with a tendency to curve slightly down at higher voltages. This
curvature could easily be due to the forming process occurring while the
dats was being taken since the current was observed to decrease slightly
with time at a given bias.

A calculation of the resistivity of the bulk material from this

I-V data is not possible since the characteristics of the junction are the
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controlling factor. Several samples were subjected to higher biases and
it was generally found that the forward current saturated in the milliamp
range at approximately 2 volts. It is believed that this current satura-
tion is caused by the series resistance of the bulk material.

The C-V data of these low temperature samples is severely com-
plicated by the fact that the material exhibits rather strong forming
characteristics. Fig. 11 shows the C-V data for a typical sample when
first subjected to an applied bias. The data includes the forming history
of the sample under the external bias. At point (1) on the curve, the
virgin sample is characterized by a high capacitance and dissipation fac-
tor. If the parallel plate approximation is used, the apparent relative
Aielectric constant at this point is approximately 320, suspiciously high
to be associated with the bulk material. When the bias is increased at a
steady rate to six volts (point (2)) and held there, the capacitance begins
to drop immediately and continues to drop as a function of time and is as-
ymptotic to the value at point (3). This final capacitance was reached in
less than 10 minutes and the sample was held under the field for 15 minutes.
The bias was then reduced and the capacitance remained constant, independ-
ent of bias above zero volts. As the bias is reversed the capacitance and
dissipation factor increase rapidly as point (5) is approached. The char-
acteristics between (5), (4), and (3) can be reproduced and are independ-
ent of time.

The capacitance of the Schottky barrier in the reverse direction
is merely that of a reverse biased one-sided junction and may be expressed

as
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2(v,. - V)
7 - 2
C e oD
a
-1/2 as

i.e., the depletion capacitance, Cd’ is expected to decrease as V
long as the depletion region continues to grow. After the depletion re-
gion reaches the counterelectrode at Vd’ the capacitance is independent of
bias and may be expressed as

Ke A

= —92
Cd - da ? vV > Vd [15]

If Vd is fairly low then the capacitance can b¢ expected to‘be independent
of bias over most, if not all, of the reverse bias ranée. In this range
between points (3) and (U4) in Fig. 11, Eq. [15] yields for the relative di~
electric constant K = 165. Feuersanger38 reports a dielectric constant of
178 and a dissipation factor of over 0.1 for films grown from TPT at low
temperatures.

Ionic drift msy take place during the forming process, but it is
difficult to believe that this could cause such a marked decrease in the
capacitance. By comparing the dielectric constant with that found in the
next section for some of the annealed material, it appears that some form
of field induced ordering may be taking place.

In the forward direction the cagpacitance is the sum of that as-
sociated with the finite width of the junction and the contribution from
the rearrangement of the minority carrier density known as the diffusion

55

cagpacitance. Sze calculates this diffusion capacitance for a one-sided

Junction to be

gl n
- _9 (- npoy qV/kT
Cair 1 e [16]

where Ln and npo are properties of the material bulk.
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Once again, any spplied voltage V appears only in part across the
Junction, the rest appears across the bulk and cancels built-in voltages to
assure that the junction is forward biased. Hence, the total forward capa-
citance may be written as
C = C.+C_. (17l

where, from Eq. [16]

V-V

—5)3, h>1 [18]

« ek
C.. exp {kT ( =

dif
Little capacitance data was collected in the forward direction to assure
that the sample was not destroyed by excessively high currents. The data
that is shown exhibits only a rapid increase in the forward direction, per-
haps suggestive of the exponential dependence predicted by Egq. [18].

(2) The 350°C Annealed Material

Unlike the sample in the previous section, those tested after a
350° 1lh-hour anneal, are of the MIS type based on 1 ohm cm. p type Si sub-

strates. In Chapter III it was stated that Ti0, subjected to such an an-

2
neal is generally in the pure anatase form, of moderate density and physi-
cal hardness and is in a state characterized by far higher ordering than
the amorphous films considered in the previous section. It was not deter-
mined whether samples, after such an anneal, are completely anatase., It
was determined that no higher crystalline forms are present in any sub-
stantial amounts. However, the presence of amorphous inclusions in the
anatase lattice could not be detected and this possibility must always be
considered. No estimation of the perfection of the polycrystals, the pres-

ence of impurities or any deviation from stolchiometry can be gathered

from the data taken to this point.
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Figs. 12 and 13 show the C=V and I-V characteristics, respec=-
tively, of typical samples that have been grown at 150°C and annealed at
350°C. A complete explanation of generalized C-V curves for MIS samples

o7 59

has been given by Termansg, Grove” ', Nicollian and Goetzberger””, and

Szess. No attempt to reproduce their analyses will be made here. Rather,
only specific results from their work that has direct bearing on these ex-
periments will be used.

Quite simply, standard C~V characteristics for an MIS sample are
divided into three regions determined by the bias:

1. The accumulation region in which the surface of the Si is heavily
populated by majority carriers and resemble a metal. In this
case, the capacitance is not a function of bias and is determined
by the characteristics of the insulator alone.

2. The depletion region in which the surface of the Si and part of
the bulk near the surface is devoid of majority carriers. In
this region the total capacitance is the total series capaci-
tance of the insulator capacitor and the depletion region capa-
citance. This total capacitance continues to decrease as a func-
tion of bias until the inversion region begins.

3. The inversion region, in which the surface of the Si becomes
populated by minority carriers and the depletion region ceases
to grow as a function of bias. In this region the total capaci-
tance remains constant as a function of bias.

The boundaries of these regions with bias are determined by num-
erous parameters of the MIS system, including the dielectric constant of

the insulator, the work function difference between the metal and the
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semiconductor, the nature and number of surface states at the insulator-
semiconductor interface, the doping density of the 5i and other para~
meters of the Si bulk. An important quantity is the flatband voltage,

VFB’ which defines the division between the depletion and accumulated re-

gion. This voltage can be determined from the C-V characteristic by iden-

55

tifying the capacitance at flatband. According to Sze (Chapter 9, Eq.

[26]) the total capacitance at flatband is

Kigo
Cpp = K. KIK ¢ [19]
a+ (B (—HYP
KS 2
ppoq
where Ki = relative dielectric constant of TiO2
Ks = velative dielectric constant of S5i
d = thickness of TiO2
ppo = NA = equilibrium density of holes in the p type semiconductor.
By defining two quantities CO and CSFB as
K.e Ke N
_ i70o _ s o A,1/2
€y = s N [20]
Eq. [19] may be re-written as
cC C
STFB
C R [21]
FB CO + CSFB

CO is the accumulation region capacitance of the structure determined by
the properties of the insulator. CSFB may be calculated for 1 £ cm p type
8i to be 0.3 uf/cmg. From Fig. 12 at 100 kHz the wvalue of CO for this
specific sample is 1.06 uf/cm2 (2550 pf/2.h x lO_chg). Using Eq. [21]

Cop = 560 pf and, from the graph, Ven = ~0.5 volts.
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The difference in the accumulation behavior in Fig. 12 as a func-
tion of frequency is not predicted by any of the C-V theories. The charac-
teristic at 100 kHz is completely as expected while the large increase in
the capacitance in the 1 kHz curve in the accumulation mode is without ex-
planation in the MIS theory. This sharp increase in capacitance is quite
similar to the forward biased junction capacitance of the MIM samples of
the previous section. This effect can be explained in terms of the "semi-

insulating'" properties of the TiO, after the 350°C anneal. In the previous

2

section the amorphous TiO, layer was most conveniently described as an n

2
type semiconductor of a high bulk resistivity. If this description is al-
so used for the anatase films, then it is possible to postulate a simple
model to explain the phenomenon above. Characteristic of the high resis-
tivity bulk is a relaxation time 1. Such relaxation times have tradition-
ally been associated with loss mechanisms in insulating materials and have
been described theoretically by von Hipple3, Frolich6O and observed in a
number of materials by Hartwig6l and other workers. In the case of the
anatase Ti02 if the period of the excitation signal is longer than or com-
parable to the relaxation time 1, then the electrons in the insulator are
able to follow the signal and the impedance of the insulator appears low.
The characteristics of the p-n junction at the TiO2/Si interface dominates
the characteristics. However, if the excitation frequency is high, the
TiO2 is unable to respond and appears as an insulator. In this case, the
standard MIS characteristics are observed. In the case of the anatase
TiO2 this transition between semiconducting and insulating material occurs
between 1 kHz and 100 kHz.
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If this model is valid, the increase in capacitance in the for-
ward bilas configuration at 1 kHz is due to the diffusion capacitance of a
forward biased p-n junction. Lindmeyer and Wrigley6C show that this dif-

fusion capacitance is proportional to the forward current of the Jjunction

and both increase exponentially with the junction bias. That is

a(v - VF)}
nkT

C,.. « JF = exp { [22]

dif

where VF was the bilas needed to guarantee that the junction is forward

biased and n is a scaling factor as in Eq. [SL. As in Eq. [17]

Cair = Ctotar ~ 5

where CJ is the junction capacitance and, in this case, may be taken to be

the normal capacitance of the MIS structure. This capaciténce appears in
Fig. 12 as the dotted line in the 1 kHz characteristic, drawn by scaling
the 100 kHz curve by a factor of 1.2, a constant derived in later sections.

VF may be approximated by V since both describe when the Jjunction begins

FB
to be forward biased. Fig. 14 shows Cdif versus V - VFB' The curve breaks
slightly away from the straight line predicted by Eq. [22], as does the for-
ward I-V characteristic in Fig. 13. However, Eq. [22] also predicts that
both characteristics should have the same slopes at corresponding voltages.

The value of q/nkT from Fig. 14 between 1.75 < V - V 5 < 2.25 is L. 36/volt

F
while the same slope from Fig. 13 in the same voltage range (2.25 < V. <

2.75) is L.26/volt. This good agreement lends strength to the argument

that for some purposes and, in this case, at a sufficiently low frequency

(v 1 kHz) the Ti0,, may be best described as an n type semiconductor with a

high resistivity.
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The reverse characteristics of the C~V curves at both 1 klz and
100 kHz are guite similar since both are controlled by the depletion layer
in the Si. This is the case due to the low "doping" density of the Ti0,;
very little bias is necessary to completely deplete the TiO2 bulk and to
cause it to function as an insulator. The reverse characteristic of the
I-V data in Fig. 13 is suggestive of the saturation current in a back-
biased diode. The saturation current in this case is approximately 10_9
amps .

The C=-V curves may also be used to gauge the magnitude and sign
of interface charge vs. surface state charge. Such charge existing at or
in close proximity to the TiOQ/Si interface may be due to several sources.
Among these are (a) a fixed surface charge, QSO’ which is due to ionized
atoms or impurities at the surface. Such a charge is relatively independ-
ent of bias, operating conditions or temperature and does not drift with

the bias field; (b) electrons occupying fast surface states, Q Such

FS*
states are in thermal equilibrium with the semiconductor and may be emptied
and filled rapidly following an applied a.c. signal. The occupation of
such states is a strong function of temperature and surface potential. The
fixed surface charge exerts its influence by shifting the C-V curves as a
function of bias. Ideally, with no surface charge or work function dif-
ference the flatband voltage falls at zero bias, i.e., the only band bend-
ing is accomplished when an external field is applied. However, the pres-
ence of such charges cause the flat band to be displaced from the origin.
An additional displacement is caused by the work function difference be-

tween the metal electrode and the Si. For an Al electrode and p type Si

this difference, ¢ms’ is 4.2 - 5.25 volts, or - 1.05 volts. Then




T3
Qe = (¢ms - VFB) CO/A [23]
and

Ngo = Qgp/a

Because the charge in the fast surface states is a strong function of sur-
face potential and hence bias, the C-V curves have a tendency to be dis-
torted by this charge rather than to be displaced by it. This distortation
takes the form of a deviation from the inverse square root dependence of
the capacitance on the applied bias while the surface of the Si is depleted.

5T

Grove states that if little distortion appears the fast surface state den-

sity is less than 5 x lOlO/cmE.
Previously, with the aid of Eq. [21] the flatband voltage, Vep?

for the 100 kHz characteristic in Fig. 12 was shown to be -0.5 volts. From

Eq. [23]
Qgg = [-1.05 - (-0.5)] x 1.06 x 10’6 coul /em®
= -,585 x 10—6 coul/cm2
and Ny, = 3.6 x 107/,

That is, there are 3.6 x lO12 negative charges per cm2, at or near the TiO2
/Si interface. The nature of these charges will be discussed in a later
section.

From the accumulation region of the 100 kHz curve the relative
dielectric constant of the TiO2 may be calculated for that frequency. Us-
ing the parallel plate approximation, the relative dielectric constant is
K = 169. Although this value is unexpectedly high for good insulating
Ti02, it is not unlike those values found by other workers for lossy films

and is quite close to the value calculated for the amorphous film which

was allowed to form under a bias in the previous section.
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(3) The 700°C Annealed Material

X-ray analysis in the previous chapter revealed that material an-
nealed at T00°C in air is a mixture of the anatase and rutile crystalline
forms. Long anneals tended to increase the rutile content, however, the
films remained a mixture of both forms for all practical purposes.

The C-V characteristics of an MIS sample of this type is shown
in Pig. 15. Some distortion of the curve is obviously present when com-
pared with the curves shown by Grove57 (Fig. 9.19). ©Such distortion is due
to the presence of fast surface states. No calculation of this density or
distribution can be made from this data alone except that this effect is
noticable and hence the density is greater than 5 x lOlO/cmg. A complete
discussion of the nature of these states is given by Many, Goldstein and
Grover63. From Eq. [19] and Eq. [21] the flat band voltage, Vpp 18 0.0
volts. This corresponds to a surface charge density of -6 x 1012/cm2
where the negative sign indicates that, once again, these are negative
charges residing near the surface.

From the accumulation region the dielectric constant at 1 kHz is
120, while at 100 kHz it is approximately 100. The average over a large
number of samples yields slightly different values for these numbers. At
1 kHz the average dielectric constant and dissipation factor is 116 and
.04, respectively, while at 100 kHz these values are 95 and .09. The ratio
of the relative dielectric constant at 1 kHz and 100 kHz is quite constant
from gsample to sample and is approximately 1.2.

The I~V data for the 700°C samples has been included with this
same data for the 1000°C samples as it is all guite similar. The analysis

of this data is included in the next section.
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(L) The 1000°C Annealed Material

Ti0, films annealed at 1000°C have been shown to be in the rutile
crystalline form. However, no measure of the perfection of the individual
polycrystals, their size, the nature of the grain boundaries, or any impur-
ity dinclusions could be measured. The conversion of thin amorphous films
into the rutile form was shown to occur very rapidly at 1000°C (on the or-
der of 1 min), but longer anneals may be necessary to give the film suffi-
cient time in which to order itself and come into equilibrium.

After annealing for about an hour in air at 1000°C an increase
in the thickness of the T102 appears to have taken place along with a
"dulling” of the interference color of the Tiog/Si system. It is proposed
that this is due to a growth of SiO2 between the TiO2 and S8i. This SiO2
layer makes the entire film look thicker since, in fact, it is and also
dulls the interference colors by providing a diffusing rather than sharp
interface between the TiO2 and the Si. There is no reason to believe that
this 8102 growth does not begin immediately or after some short delay time
and this conclusion is born out in the electrical tests. The mechanism of
this oxide growth beneath the TiO2 is not clear, however, several possibil-

ities exist.

0 diffusing through the TiO, film reaches the Si sur-

(a) Oxygen or H 5

2

face and forms SiO2° Further 8102 growth occurs in a standard

fashion, except that the oxidizing agent must first diffuse

through the TiO Burger and Donovan6LL show that if the supply

o*
of oxidents is the limiting factor (limited by the diffusion
through the TiO? and the existing SiOg) then the oxide thickness

should increase with the sguare root of the oxidation time. This

type of process preserves the stoichiometry of the TiO2 film.




T

(b) Diffusion at the interface could Fforce some of the oxygen from
the Ti02 into the 5i causing SiO2 growth. The situation at the
interface may, after a period of time, reach equilibrium and
the 5102 growth cease. This process may be governed by the re-
lative oxygen affinities or free energies of the TiO2 and SiOE.

In this case, the stoichiometry of the T102 near the interface

may be seriously altered.

Whatever the growth mechanism of the 85i0O, may be, it will, undoubtedly, af-

2
fect the electrical properties of the resulting structure. The presence
of SiO2 will greatly reduce the capacitance per unit area, alter the sur-
face state charge, and generally obfuscate the anneal data.

The C~V data for two MIS samples, one annealed for 5 minutes and
the other for 10 minutes, are shown in Fig. 16. Optical inspection of the

two samples showed some evidence of SiO, growth in the 10 minute sample by

2
virtue of the diffuse interference color while that of the 5 minute sample
remained sharp. The electrical data bears out this conclusion.

From Fig. 16 and other data on samples annealed at 1000°C for 5
minutes, in air, the average dielectric constant is 100 and the average dis-
sipation factor 0.0L4 at 1 kHz while at 100 kHz these values are 87.5 and
0.07, respectively. The C-V characteristic shows little or no distortion
suggesting that the density of fast surface states is low. The flatband
voltage is -0.2 volts corresponding to an interface charge density of -5.5
X lOlg/cme. Once again the sign of this charge is negative. It is as-
sumed that little 8102 is present beneath the 'I'iO2 film and that the rela-

tive dielectric constant of 100 at 1 kHz represents the value for a purely
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rutile film. Rutile single crystals are reported ~ to have KC = 170 and
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and Ka = 90, while spubttered rutile polycrystalline films with a dielec-

tric constant of 55 have been made by Lakshmanan, et algé.

The curves for the material annealed for 10 minutes show a
marked decrease in the capacitance at accumulation and a small inflection
in the inversion capacitance at 1 kHz. This increase indicates that the
inversion layer is able to follow the external field and the capacitance
of the insulator, rather than the depletion layer, becomes dominant again.
This effect is not usually seen at freguencies as high as 1 kHz, but can
be caused by a non-equilibrium condition, such as light shining on the S5i.
This may have been the case here. The average value of the dielectric con-
stant and dissipation factor for several of these samples at 1 kHz and
100 kHz are 40., 0.04 and 35., .05, respectively. This decrease in the di-

electric constant may be explained in terms of an Si0O, layer below the

2

TiOQ. The total capacitance measured is the series capacitance of these

two layers. If it is assumed that for the T102 layer K = 100, while for

the 8102 layer K = 3.9, then it is necessary to postulate the presence of

only 75 R of si0. to account for the low capacitance. As further proof

2

of the presence of the Si0O, layer, it is interesting to observe the shift-

2

ing of the curves away from the origin giving a flatband voltage of -2.0
volts. Corresponding to this number is a surface charge density of 1.7

X lO12 positive charges per cm2. It is characteristic of the SiOE/Si in~-
terface to trap positive charge, usually thought to be associated with Si+
ions in the oxide. Densities of these charges between lOll/cm2 are typi-
cal, depending on the way the oxide is formed and the anneal history. Ap~

parently, the charges in the Ti0O, and 5i0, tend to cancel each other and

2 2

a situgtion can be envisioned in which the net effect surface charge
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density is zero. The nature of the negabive surface charges in the TiO2
is not understood since unpaired Ti ions, drawing a parallel with the

5i/810,. system, would result in a positive charge. It is possible that

2
this charge arises from electrons held in uncharged electron traps near
the interface in the TiOQ. That is, the trap 1s uncharged before the
electron is captured and has a net negative charge only when an electron
is being held. These traps should be relatively deep to make their popu-
lation of bound electrons relatively insensitive to the external bias, etc.
The I-V data for the TO0°C and 1000°C samples is displayed in
Fig. 17. Unlike the amorphous and anatase samples, the characteristics
in the forward direction (Al~) are far from straight lines and the cur-
rents increase much less rapidly with bias. Harbisonho shows that the

electron transport through similay films of TiO, is governed by a Poole-

2
Frenkel law. This law may be written as
Iop © £ exp {hiiB} exp {E%- ;%Ef-} [2k]
oo
where & = electric field across the insulator
= V/d where d is the insulator thickness
¢B = barrier height or trapping depth r electrons
Ko = optical dielectric constant of insulator.

From Eg. [24]

JPF/g « exp {mgl/g} [25]
where
9 _qa ,1/2
mo= kT {NKOEO} [26]

If K_ = (index of refraction)® = (2.5)° = 6.25 is used in Eq. [26], then

the value of m at T = 300°K is
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3 (m/v@lt}l/g

m = 1.17 x 10~
A more generalized case of the Poole-Frenkel theory developed by Yeargan
shows that the slope may take on any value from the one above to 1/2 its
value depending on the degree of compensation present in the insulator
(i.e., rather than having donor states alone both donor and acceptor states
in the insulator are considered). Hence, the restriction on the slope is

3 1/2

58 x 1077 <m o< 1.17 x 1073 (m/volts)

Fig. 18 shows the I-V data plotted as 1n(I/E) vs. gl/g.

Good straight lines
approximations can be made to the data points and the slopes of the result-

ing lines are as follows

700°C m = 2.25 x 1073 (m/volt)l/2
1000°C, 5 min. m = 1.50 x 1073 (m/volt)l/2
1000°C, 10 min. m = .60 x 1073 (m/volt)l/2

It is evident that only the last value is inside the allowed
values and since it is very near the lower value, it must be postulated
that a high degree of compensation has taken place in the Ti02/8i02 sys-
tem. A similar type of conclusion was drawn about the corresponding C-V
curves and the interface charge density. The first two values are well
above the upper limit predicted by the Poole-Frenkel theory. This, how-
ever, has been the case in a number of other studies and a number of ex-~
planations have been given. Principal among them is the premise that spots
exist in the insulator which are appreciably thinner than the average thick-
ness, d, and it is these spots which control the I~V characteristics. This
may easily be the case for the T00°C and 1000°C, 5 minute samples.

The reverse (Al+) characteristics represent the saturation cur-

rent in a back-biased field-induced junction in the Si substrate. This




10

—
o

-8

AMPS/VOLT/METER

—r
[em]

83

o CV-7 #14, 700°C 11 HOURS
RUTILE + ANATASE Ti0»
1150 R , 0.23 mm2

8 cv-7 #4, 1000°C 5 MIN.
RUTILE Ti0p —
1100 A, 0.24 mm

a CV-7 #14, 1000°C 10 MIN.
RUTIL T1O + S1g

1150 5102, 75 A $i0;
0.24 mm

Si 1 OHM-CM P TYPE
A1/ Ti0y/Si

| | i

5
(ELECTRIC FIELD)1/2
FIGURE 18.

oy f—

Ty 103

3 2
(VOLTS/METER)1/2

CURRENT/ELECTRIC FIELD vs. (ELECTRIC FIELD)'/2 AS A FUNCTION
OF ANNEAL




8k

diode is created as the surface of the p type Si is inverted relative to
the depletion layer directly below it and the semiconductor bulk below
that. J.D. Trotter, of this laboratory, has suggested that the current
observed is the generation current from the depletion region and is pro-
portional to the volume of this region. Experiments showing the strong
dependence of this current on ambient light lend strength to this argument.
SUMMARY

A general summary of the electrical data for the films ranging
from amorphous to polycrystalline rutile to a multilayer structure with
SiO2 present are contained in Table III. Several interesting trends are
evident and are discussed below.

(a) As the ordering in the crystal increases, that is, as it is con-
verted from the amorphous to the crystalline states, the dielec~
tric constant is reduced. This is to be expected as the lattice
binding becomes tighter and the polarizability is reduced. In
each particular film the ratio of the relative dielectric con-
stants at 1 kHz and 100 kHz is near 1.2. The dissipation factor
of the films gt 100 kHz is higher than at 1 kHz, indicating the
presence of a relaxation mechanism at work.

(b) The resistivity data is titled "apparent" resistivity since, in
the case of the amorphous and anatase films, the I-V character-
istics are governed by the properties of the junction rather than
the bulk. In these cases approximate saturabtion currents in the
forward direction were used for the calculation assuming the cur-
rents are limited by the bulk resistivity of the film. 1t is

evident, however, that the resistivity is a strong function of
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the anneal history of the material, increasing rapidly as the
higher crystalline forms are reached. It is interesting to note
that the resistivity of the films annealed at 1000°C for 5 min-
utes is about a factor of 10 lower than that of the T700°C, 11~
hour sample. This may indicate that although after 5 minutes at
1000°C, the film is nominally rutile, the transition from the
amorphous state to the rutile form occurred so gquickly that a
large amount of disorder (dangling bonds, high dislocation den-
sity) remains in the film adding to its conductivity by the crea-
tion of states in the forbidden band. Longer anneals produced a
layer of 5i0, beneath the TiO, and provided a longer period for

2 2

the TiO2 to order itself and achieve stoichiometry. Together,
these two effects increased the resistivity sharply, but the spe-

cific capacitance was reduced due to the S5i0, layer.

2
The interface charge for the TiOQ/Si system is roughly constant
and on the order of -5 x lOlz/cmg. As discussed previously, this
negative charge may be due to electrons held in neutral traps or
states near the interface. A compensating effect is observed
with the growth of the SiOg.

The breakdown field increases as the material is annealed and

seems to be given a boost by the growth of the SiO These rela-

o
tively low (compared with Si02 and Si3Nh) breakdown fields are
understandable in the light of the high dielectric constant. The

products of the relative dielectric constant and the breakdown

field for these three materials are
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100 x 7 x 10°V/em = 7 x 10'V/cm.

]

TiO,. (1000°C, 5 min.)

)
8102 = 3,90 x 5 x lO6V/Cm = 2 x lOYV/cm.
Si3Nh =6x1x 1o7v/cm = 6 x 107v/mn.

(e) In general, the amorphous material may be treated as an n type
semiconductor of a high resistivity with a donor level approxi-

mately 0.35 eV below the conduction band.
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CHAPTER V.

OTHER INTERESTING ASPECTS OF A Ti02 TECHNOLOGY

INTRODUCTION

Up to this point; several basic properties of thin film TiO2

have been studied and the basis for a TiO2 thin film technology has been

established. The work presented in the first four chapters has led to

the following conclusions:

(a)

(b)

A successful process for deposition of TiO2 thin films from an
organometallic source at a low temperature on a variety of sub-
strates has been developed. The resulting film is amorphous.
These amorphous films may be converted to polycrystalline films
in the anatase, anatase and rutile, or pure rutile phases by an-
nealing in the air at temperatures between 300°C and 1000°C.

The amorphous film is easily etched in a weak solution of HF and,
for this reason, is most suitable to standard thin film pattern
definition techniques. The lower crystalline forms are moderately
difficult to etch while the pure rutile form is fairly impervious
to chemical attack.

The amorphous film is best characterized as a high resistivity n
type semiconductor. The anatase film shows mixed properties -

at D.C. and low frequencies it can be described as a semiconduc-
tor while at higher frequencies it appears to be an insulator.
The mixed phase and rutile films exhibit the characteristics of a
high dielectric constant insulator of moderate loss tangent and

breakdown voltage.
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{e) The interface charge in the TiOE/Si system 1s such as to accum-
ulate the surface of p type 5i. This leads to the possibility
of several interesting MIS types of devices.

Additional experiments were performed to see if a hybrid or in-

tegrated circuit technology employing TiO, films offered any decided ad~-

2

vantages or unique properties other than those mentioned or inferred above.
Several recent trends in the state-of-the-art provided suggestions for
these experiments.

Continued emphasis on the dimensional reduction of integrated

circuit components has lead to work with photoresist exposed by an electron

beam. The use of light for patterning a standard photoresist limits the
narrovest line width to 2u while typical line widths greater than 10u are
usually found to be employed. Patterning the same resists with a focused
electron beam has led to lines as narrow as 0.25u because of the greater
resolution of a beam of electrons than a beam of light.

Some attempts have been made to eliminate the need for photore-~
sist completely by bombarding the material to be etched with an electron
beam directly. In the case of 8102 the beam induces sufficient damage to
cause a greatly enhanced susceptibility to etches and hence, the etching
of 8i0, can be accomplished without the use of photoresists.

2

Insulators other than 8102 have been tested for possible use
with Si as a surface passivation material or as a diffusion mask. Multi-
layer structures using other metal oxides and nitrides are being tested to
reduce the effect of drifting ionic contaminants in MIS structures.

It was decided thét5 owing to the high etchability of the amor-

phous Ti0, compared with the crystalline forms and the relative ease of

2
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conversion of the amorphous form into a polycrystalline film, experiments
would be undertaken to test the results of direct irradiation of amorphous
films by electron beamg. Other selective energy delivery schemes, such as
u.v. photons, would alsc be considered.

Rutile TiO2 has a specific gravity that is greater than that of
8102 by a factor of 2. By taking into account the relative atomic weights
of Ti and Si, it is evident that the packing density of the two oxides is
approximately equal. It is not unreasonable to expect that both films
would present similar high impedance paths to diffusing impurities. Tests

performed to see if this is the case are discussed.

EFFECT OF KILOVOLT ELECTRONS ON ORGANIC AND INORGANIC FIIMS

(1) Exposure of Organic Photoresists

The gain in component density is impressive when electron beams

67

expose the photoresists. Thornley and Sun showed that electrons in the
10 to 20 kV range could expose negative resists so that they were able to

protect underlying 810, against etchants. They also found that a threshold

2
electron flux exists, below which no hardening of the photoresist occurs
and above which varying degrees of protection are afforded. A dependence
of this optimum exposure flux on the incident energy of the bombarding
electrons was demonstrated by Matta68

Broyde69

attempts to define the minimum threshold flux in terms
of the energy of the incident beam and the gel point for two standard or-
ganic photoresists, Kodak KPR and KTFR. He defines two different flux
levels as the threshold flux at which the film first begins to gel and the

minimum usable flux as that dosage at which adeguate protecticn is afforded

an underlying layer during etching. The threshold flux principally depends
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on the incident energy of the beam and is only slightly dependent on the
initial thickness of the film, while the minimum useable flux is a func-
tion of both electron energy and initial thickness of the film. He ob-
serves that the threshold flux for 6000 K of KTFR for 10, 15 and 20 keV
irradistion is 0.7, 0.9, and 1.6u coul/cmz, while the minimum useable
flux for these same energies is 1.5, 8.0 and 16.0u coul/cme, respectively.
The penetration depth of electrons in KTFR (specific gravity 0.9) is 6500
R for 5 keV electrons, 2.3u for 10 keV electrons, 4.8u at 15 keV and 8.3n
at 20 keV.

(2) Exposure of Inorganic Films

O'Keefe and Handy7o have established that the susceptibility of
thermal SiO2 to chemical etches is enhanced by approximately a factor of
three when the SiO2 film is irradiated with high energy electrons. Reso-
lution with this process is quite high and openings in SiO2 0.6 x 5u have

been obtained. The increased etch rate is due to the electron-induced dam-

Dislocations are formed and bonds are broken in the ma-

T1

age in the Si02.

terial which increases its potential for chemical attack. Hill = has ob-

served just the opposite effect in evaporated films of A_'L2O3 and anodized

films of Al1,0, and Ta, 0 The etch rate of a TOOO R film of evaporated

273 275"

A1203 was reduced from 500 K/min to 320 X min after a total dose of 2 coul

/cm? by 15 keV electrons. Dosages above 2 coul/cm? did not further reduce
the etch rate. Doses below 0.5 coul/cm2 appeared to have no effect on the
etch rate.

12, 13 observed the effects of high energy elec-

Shiojiri, et al
tron beams on thin films of metal oxides and Se. He reported that, in

general, amorphous films of these oxides could be converted into
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crystalline forms 1f sufficient energy could be supplied by the electron

beam. Amorphous films of evaporated Al tin oxide, lead oxide and iron

23
oxide were always crystallized by electron irradiation into very fine poly-
crystalline grains usually less than 1000 R in size. Exceptions to this
trend were evaporated amorphous films of T:'LO2 and Se metal. These two
tended to crystallize into large grains, some more than 10u in size. Often
the tension due to volume reduction during crystallization caused marked
wrinkling of the amorphous film near the crystal inducing grain boundaries
and dislocations to form. ©Small angle twist boundaries and twinning crys-

tals were formed in TiO. during the crystallization. The metal oxide films

2
required intense electron beams on the order of 100 ma/cm2 before crystal-~
lization occurred, although when sufficient beam current was supplied, the
films were observed to crystalize immediately. Se films required much
lower intensity beams (n 5ua/cm2), but for a duration of several hundred
seconds.

In a very recent paper, ShiojiriBh continued his work on evapo-
rated Ti02 films. Unsupported films (evaporated onto rock salt, then
floated off) of amorphous TiO2 were either heated to 300-500°C by a near-
by heat source or bombarded by electrons. In both cases a single anatase
crystal appeared and grew as long as energy was supplied. Larger crys-
tals became composed of many grains, each growing mostly along the axis
of the tetragonal structure.

& bombarded a large single crystal of ru-

Cecil and Silvertsen
tile TiO, with a very high power electron beam with incident energies over
100 keV. A large amount of damage was done in the crystal along the path

of the beam. Measurable volumes of oxygen were released during this
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process and, corresponding to this loss of oxygen, a decrease in resistiv-
12
ity from 10 f-cmm to less than 1 Q=cm was observed.

(3) Effect of Kilovolt Electrons on Amorphous TiO2

Several experiments were performed to discover the effect of high
energy electrons on amorphous films of TiO2 grown as per Chapter III. These
experiments may be broken down into several groups in response to a number
of questions.

(a) Does irradiation with high energy electrons produce any visible
result in the amorphous film? Is the etch rate affected by the
bombardment ?

(b) What crystalline form or forms is produced by irradiation?

(e) Is there some value roughly equivalent to the threshold level ob-
served in organic films? What effect does continued irradiation
have on the films after a threshold value is reached?

Two types of electron bombardment equipment were used to perform
the various experiments. In the first, an electron gun was removed from a
standard CRT and was mounted in eilther a standard vacuum system equipped

with an oil diffusion pump and a LN, cold trap capable of 1 x 10—6 torr or

2
a completely dry Varian system pumped by VacSorb, VacIon and titanium sub-
limination pumps capable of lO_ll torr. In the case of both vacuum systems

an external power supply and control, provided an accelerating potential of
from 0.8 kV to 1.5 kV along with intensity, focusing and deflecting poten-
tials to the electron gun. Typical operating conditions for the e-gun are
as follows: accelerating potential 1.5 keV, electron irradiation current

.05 ma, beam focus v 1 mm., diameter.
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Experiments to determine more guantitative information, such as
a threshold flux, etc., were performed using the e-beam in & Phillips
Model AMR3 Electron Microprobe. This eguipment permitted the beam to sweep
out a line of predetermined length or over & raster of known area. Accel-
erating potentials bebtween 10 kV and 30 kV weré used and beam currents be-
tween 0.025 pa and 0.15 pa are available depending on the accelerating po-
tential used. Beam spot diameters on the order of 5 p are typical, how-
ever, beam diameters on the order of 2 p have been obtained with the equip-
ment.

Initial experiments involved the bombardment of amorphous T102
films, 1000 R thick, on polished Si conducting substrates. A major con-
cern with the experiment conducted in the oil pumped vacuum system is that

any change in the TiO2 etch rate or spparent thickness may, in fact, be due

to the growth of a polymer film on the TiO
>

5 film. This polymer film has

been described previously and results from the electron induced polymeri-

zation of the diffusion pump oil (D.C. TO4) at the surface of the substrate.
Such a polymer film could afford underlying layers of TiO2 protection from

chemical attack and give the appearance of an etch resistant TiO2 film.

71

Hill ~, also concerned with this problem, surrounded his samples with a

LN, cold finger to trap oil molecules. In the equipment set-up described

2

above, this procedure proved extremely impractical. Instead, the substrates
were heated in the oil-pumped system to 150°C to reduce the residence time

of any oil molecules on the surface of the TiO Experiments with glass

X
slides and bare Si substrates showed that heating to 150°C virtually eli-

minated the polymer growth sfter a 90 minute radiation time. Identical
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substrates bombarded under the sagme conditions, except that no heat was
supplied, showed the presence of 200 to 400 K of the polymer film after 90
minutes.

This heating proved to have a second effect besides driving away
0il molecules. By raising the film temperature to its growth temperature,
and hence closer to the amorphous to anatase transition, the bombarding
electrons are more efficatious in supplying the energy for change. This is
discussed in more detail below.

An amorphous TiO, £ilm, 1000 R thick on polished Si, was bom-
barded for 15 minutes with 1.5 keV electrons at an average beam current of
.035 ma. Spot diameter was approximately 1 mm giving a current density of
4.5 ma/cm2 and a power density of 6.75 watts/cmg. The sample was held at
130°C during the entire irradiation. Inspection of the sample after the
bombardment showed that the irradiated area could be seen easily, and gaug-
ing from the changes in the interference color, this area had become slight-
ly thinner, The entire wafer was placed in an etch known to attack only
the amorphous material at a reasonable rate (0.5% HF in H20) and the 1000 R
of amorphous material was removed completely in 1.5 minutes. During this
time only 200 K maximum appeared to be removed from the irradiated area.
Hence, the etch rate had been reduced by a factor of 5 or more after a
total electron dosage of approximately 4 coul/cmg. This dosage value may
be as much as a factor of 5 too large owing to any error introduced by ap-
proximating the area of the electron spot which had an irregular shape and
an assumption that all the electrons leaving the electron gun reach the sub-

strate, 5 cm away.
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To insure that the increase in etch resistance was indeed a re-
sult of the electron bombardment, and not due to the growth of a polymer or
some effect of the substrate heating, a second experiment was conducted in
the Varian oil-free vacuum system. An amorphous 800 K TiO2 film was sub~
jected to an electron beam from a new and completely clean e-gun. No sub-
strate heating was provided and the experiment was conducted in the lO"7
torr range. The 1.5 keV beam current average was .035 ma while the spot
diameter was approximately 2 mm. The bombardment was allowed to proceed for
45 minutes to overcome any effect of removing the substrate heater. Inspec-
tion after the completion of this period resolved, once again, that the ir-
radiated area appeared slightly thinner. Ellipsometer data was taken on
this spot and the surrounding unexposed amorphous material. Confirming the
findings of Chapter III, the unexposed material had an index of refraction
2.0 and a thickness of approximately T50 R while the exposed aresa had an
index of 2.18 and & thickness of 660 K, By comparing these values with Fig.
3, Chapter I1I, it is apparent that the material has been, at best, only
partially converted into the anatase form. As with the sample above, the
exposed material proved to be less affected by the etch during the period
it took to completely remove the amorphous material, the etch rate being
reduced by about a factor of 2. The total integrated flux during this ex-
periment was approximately 3 coul/cmg. Once again, this is a maximum value.

It is evidently the case that the 1.5 keV electrons are penetrat-
ing the full 1000 R of the samples and causing the material to become uni-
formly etch resistant. If this were not the case, the etch could undercut
the exposed area and cause it to float off of the substrate. A similar ef-

o6
fect was observed by Br@ydeoy for standard photoresists.
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4 third experiment was conducted to confirm the hypothesis that
the e-beam was providing sufficient energy to convert the material from the
amorphous form to a crystalline form. A layer of 3000 K of Ti02 was de-
posited on a polished Al wafer. The Al substrate was chosen for two rea-
sons, (i) the substrate should be a conductor to help diffuse any built-up
charge in the insulator during irradiation and (ii) any x-ray peaks from
the substrate should be as far removed as possible from the expected peaks

from the crystalline (anatase) TiO A 2k mm2 area (a 1 mm diameter dot

X
was used to sweep out the area) was irradiated for 3 hours with 1.5 keV
electrons. The beam current was .15 ma and the sample was held at 170°C
during the exposure period. The total integrated flux was 6.75 coul/cme.
X-ray analysis of the unexposed area yielded peaks associated only with the
substrate Al. No crystallization occurred in the unexposed area due to the
"heat bias" of 170°C during the irradiation period. However, analysis of
the area exposed to the e-beam produced strong evidence for the presence of
the anatase material. The 100% and 30% lines could be clearly seen above
the background noise while the presence of the weaker lines was only gques~-
tiongble. No indication of the degree of crystallization has been found,
but it is known that some portion of the amorphous film was converted to
the anatase, polycrystalline form.

In general, the conversion to a material at least partially ana-
tase and far more etch resistant than the amorphous form occurs for total
integrated fluxes greater than approximately 2 coul/cm2 with beam power
densities between 1 and 10 watt/cm2 and substrate temperatures on the or-
der of 150°C. It is interesting that the value of the total electron dose

to produce a significant change in the ebtch rate of the T102 is the same
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as that found by HillYl for irradiation of A1203 and Ta205 with much higher
electron energies (> 10 keV).

In order to get higher accelerating potentials and high power den-
sities further experiments were carried out in the Phillips Microprobe.
With this instrument, beam diameters under 10 p could easily be obtained
and the beam could be swept over various lines and rasters. Amorphous T102
films 2700 K.thick on Si substrates were used for all of the experiments.
Once the desired exposure was reached the sample was etched in the 0.5% HF
solution until all of the unexposed amorphous film was completely removed
and only the exposed pattern remained. Usually, the etch time was on the
order of 40 to 50 seconds. A standard exposure consisted of allowing the
beam to scan over a single line 300 p in length and from 3 to 10 u wide un-
til a predetermined dosage, determined by the beam current density and ex-
posure time, was reached. The beam was then deflected to a new area and
another line with a different dosage was drawn., Groups of from 5 to 10
lines (usually 10) were drawn for a given accelerating potential, each line
corresponding to a different total integrated electron flux. Once the back-
ground was etched away the lines were examined under a microscope to de-
termine the degree to which they survived the etch. Of some interest is
the fact that the areas remaining after the etch were very nearly the same
thickness, showing very little change from the original 2700 X. Either the
line was completely removed, leaving very few traces or, if it remained,
its thickness was not diminished by the etch. This is not to say that
those lines which remained were not affected by the etch. On the contrary,

some had rough edges and were characterigzed by breaks and tears. The ver-

tical portion defining the edge of the line was, at times, not verbtical at
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all, but had a shallow slope. These problems and defects decreased as the
dosage increased and the films could be easily graded by eye with a micro-
scope. Two values of the total dosage could be defined as:

(a) The threshold dosage below which little trace of the line re-
mained after the etch. Above this value the TiO2 lines remained
on the Si and continued to improve in quality with increasing
dosage.

(b) Minimum useful dosage below which the exposed areas, while re-
maining on the Si are characterized by etched areas, rough edges,
line~width irregularities and poor edge resolution and definition.
Above this wvalue the lines are wuniform, unbroken, and possess
smooth, well defined edges.

Experiments were first performed to determine the optimum method
for exposing the line patterns, i.e., should the entire electron dosage be
delivered to the line in one slow pass, or should the exposure be built up
by sweeping over the same line repeatedly? A series of lines were drswn

3 watts/cm2 at a rate of

with the 15 keV beam at a power density of 2.8 x 10
120p/min. , 600u/min., 350u/15 sec., 350u/3 sec., and 350u/2 x lO“3 sec.,
until each line had a total dosage of 1.0 coul/cm2. The lines resulting
from the two slowest scans were quite poor after the etching, characterized
by a large number of breaks and no line width uniformity whatsoever. Lines
produced at 350 /15 sec. and 350 /3 sec. were much improved and had good
line width uniformity and edge definition. However, occasional breaks and
networks of cracks bisected the lines. However, at the fastest sweep speed

no such problems were encountered. The beam seemed to be slightly less ef-

ficient at the higher speeds in that the overall development of the lines
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seemed to lag slightly behind those formed at the slower speeds, but no
cracking was observed and it was felt that the lower efficiency was worth
the more perfect film. A sweep speed of 350u/2 x 10“3 sec. was adopted
for the rest of the experiments.

Table IV summarizes the results of a series of exposures with
beams from 10 to 30 keV and power densities from 0.8 x lO3 watts/cm2 to

3

7.2 x 10 watts/cmz. A range of exposures has been given wherever possi-
ble to reflect the experimental error and the uncertainty in the somewhat
subjective judgments involved. Despite the uncertainty, it is evident
that both the threshold and minimum useful flux are functions of either
the electron energy or the beam power density or both. The effect of the

electron energy on the efficiency can be tested by constructing a simple

model based on known properties of electron absorption in materials.

Threshold Minimum
Dosage Useful Dosage

10kV o o
J = .08 a/cem 5 .06 - .09 1.5 coul/cem
P/A = 0.8 x 103Q/cm coul/cm?
15kV o 5
J = .,185 a/em .09 coul/cm .9 - 1.8
P/A = 2.8 x 1030/ cm® coul/cm?
20 kV
J = .25 a/cm? .06 - .09 1.2 = 2,1
P/A = 5 x 103Q/cm? coul/cm? coul/cm
25 kV
J = .2bh a/cm? .12 coul/em? 1.8 - 2.7
P/A = 6 x 103Q/cn? coul/cm®
30 kV
J = .2h a/ca® ) .15 coul/cm? 2.1 - 3,0
P/A = 7.2 x 1030/cn® coul/cm?

TABLE IV.
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Bethe76 hag proposed & simple model for the transfer of energy
from a beam of electrons to an absorbing medium via inelastic collisions.
It is assumed in this model that the electrons follow a straight path into
the material until the first collision after which they diffuse randomly.
This model predicts the penetration depth or range, R, for an electron

with energy E to be

12
_ P ) oF
R = gewz (2 1n )] L27]

where NZ is the number of electrons per cm3 in the absorber and IP is the

ionization potential or energy needed to produce an ion pair in the ab-

sorber. This number is not known for the TiO, film, but by comparison with

2
values for other inorganic or organic materials, it is most likely less
than 100 eV. Ei indicates the exponential integral which may be evaluated77
as
X
(x) = & i, 2
Ei(x) = - (1 + o x2) [28]

where x = 2 1n (%E-. But gg-is quite large since E is between 1oh and 3 x

I
I P P

10" eV. Hence, for a first approximation, it can be assumed that x > > 1.

In this case Eq. [28] can be rewritten as

Bi(x) = & [29]

The ratio of the penetration depths of two electrons with incident energies

E. and E, may be written using Egs. [27] and [29]

1 2
Mo i () A [30]
R2 Elix25 xl

but
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2El
X, = 2 in (m?mﬁ = 2 [in 2B, - in LP]
P
2E2
x, = 2 in (mi? = 2 [1ln 2B, - in IP]
and
E
_ 1.2
X =X, = In (E2) [31]
Further
f@_ _ In 2El - lnIP
Xl 1n 2El - lnIP
may be approximated since 2E >> IP as
X, In 2B
= = in 2E2 (32]
1 1
combining Eqs. [301, [31], and ([32]
it e % [33]
R2 in 2El E2

This approximation is quite good when compared against the values calculated
by Broyde69.
Charlesby78 has determined an empirical relation between the frac-
tion of the energy transferred by an electron as a function of the penetra-
tion/penetration range ratio. If the electron passes completely through
the absorbing layer, which is the case with 2700 R of T102 and 10-30 keV
electrons, then the penetration is the film thickness, d, and the penetra-~
tion range is found from Eq [27]. Because several parameters in Eq. [27]
are not known, it is not possible to calculate this range for Ti02, but
comparison with calculated values for other materials leads to the conclu-
sion that the penetration range >> d. In the range of d/penetration range

<< 1, Charlesby's curve predicts a linear relation with the fraction of

energy transferred with a slope of 1. That is
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Fraction transferred = d/penetration range

The fraction of the energy transferred at energy E. is d/Rl and the frac-~

1

tion at energy E_ is d/Re. The total energy transferred per electron,

2
ET/e‘, is then

(fraction transferred) x (energy of the electron)

r
L
or

E E
T1 T2
—= = E /R, and == = E,| d/R2 [34]

The ratio of the energy transferred per electron for electron energies El

and E2 is

ETl/e‘ E. R

ET2/e_ E, R

Combining this with Eq. [33]

A N W (35
ETE/e— E2 in 2E2 El
) ﬁg In 2El
El in 2E2

Eq. [35] predicts that the energy transferred per electron decreases in a
roughly linear fashion as the electron energy is increased.

The total energy transferred to the film by the electron beam is
the product of the total energy per electron and the electron dosage. That

is
E E
_ T -
Epy = oo D, and E,, = —= D, [36]

It is now assumed that the same total energy must be transferred to the film
to achieve the same results, e.g., reach the minimum useful dosage point.

The limitations of this assumption will be discussed below.
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That is,

Then from Eq. [35] and Eq. [36]

Dl El in 2E2
—_— = F /e“/E /e” = == — [37]
D2 T2 T1 E2 1n 2El

By using average values from Table IV (D, = 4.5 coul/cmz, E. = 15x lO3 eV,

1 1
D, = 8.5 coul/em®, B, = 30 x 103 eV), the right hand side of Eq. [37] is
0.535 while the left hand side is 0.53. It is felt that the agreement be-
tween thege two values is due, in part, to the similar current densities
of the two beams, especially in light of the assumptioh leading to Eq. [37].
This assumption stated that, to achieve a given degree of conversion of a
film from the amorphous to crystalline form, the same total energy must be
imparted to the film irregardless of the rate of energy delivery. For a
given energy beam this then implies that there should exist no dependence
of the conversion process on the beam current density, but only on the
total integrated flux.

A more complex model, considering the energy transfer process
from a microscopic view, includes a current density dependence. This model
acknowledges the need for the atoms and molecules in a microscopic neighbor-
hood in the film to be excited simultaneously to permit the migration of,
and to overcome any potential barriers between, the various species which
constitute the crystalline form. This simultaneouvs excitation of the var-

ious TiO2 molecules in a given volume implies a current density dependence.

Large electron dosages at very low electron arrival rates produce little
conversion to the crystalline form because of the low probsbility of the

simultaneocus arrival of & sufficient number of electrons. Very high
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current densities may also prove inefficient by virtue of the fact that so
much energy is available at any given time that some disordering or even
damage may occur. The crystallization process may also involve a charac-
teristic ordering time. Pumping the material with energy at a rate higher
than it can be used also leads to an inefficient process. A far more com-
plex mathematical model would have to be fashioned to accurately predict
the relative efficiencies of two beams differing in both energy and cur-
rent density.

The line width and resolution of the electron-beam-produced pat-
terns are functions of the focus and definition of the electron beam, the
total integrated flux and the properties of the amorphous TiO2 itself. 1In
general, electron beam diameters less than 2 u could not be obtained with
the e-gun in the microprobe. Exposure to doses less than the minimum us-
able flux produced lines with non-uniform widths and beveled edges. How-
ever, with the beam focused as small as possible, and after exposures
greater than the minimum useable flux, lines 3 p wide could regularly be
produced after etching. These lines have edge definitions (i.e., the tran-
sition from the full thickness of the film to the bare substrate) of 0.5 u
or less. In these cases, it is felt that the limiting factor is the di-
ameter and electron distribution in the bombarding beam. In certain rare
cases, a line would be observed to have slightly scalloped edges and rather
poor edge definition. These scallops are highly regular occurring with a
period of approximately 5 p and were first thought to be due to a deflect-
ing or chopping signal or noise being impressed on the beam sweep volt-
ages., However, in the light of the recent work by Shiojiri, et 3172 in

which he observed preferential crystal growth in amorphous Ti02 films
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during an anneal, it is possible that the points extending out from the

line defined by the beam sweep are crystallites of anatase TiO Accord-

o
ing to Chalmers79a crystallization of a thin film from an amorphous phase
will generally not proceed along a smooth interface, but owing to the in-
stability of such a configuration an indented crystal growth front will be
formed. This is due to the fact that in Chalmer's model, a crystal will
grow more slowly in the direction characterized by the larger thermal con-
ductivity. Heat generated at the crystal-amorphous interface during crys-
tallization will be conducted away by areas of high thermal conductivity
retarding further growth while arecas of low conductivity will retain the
heat and the process of crystallization will be enhanced in those areas.

The ratio of thermal conductivities along the "a' axis to that along the

fr o n

¢" axis for anatase TiO, is 1.8 leading to the speculation that such an

2
indented boundary (the line edge in this case) could be due to this effect.
If this is the case, such a phenomenon may provide a lower limit on the di-
mensions of pattern formed by electron beams in amorphous TiOZ.

The etch resistance of the TiO2 films brought about by the elec-
tron beam bombardment is, then, undoubtedly brought about by the conver-
sion of some or all of the film from the amorphous form to a crystalline
phase. The threshold and minimum useful dosages are evidently associated
with conversion to the anatase form. An experiment was designed and per-
formed to ascertain if continued bombardment would supply sufficient energy
to the film to allow it to continue ordering itself and, ultimately, reach
the rutile phase. Once again, the electron gun in the Phillips micro-

probe was used as the supply of electrons, but rather than sweeping the

beam over s line, it was not deflected and allowed to strike a single spot
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approximately 10 u in diameter. During this process, the bombarded area
was observed through the microprobe optical system and any changes in the
film interference color could be detected. Such a change in interference
color reflected a combined change in the thickness and index of refraction
of the film at that point. Figures 3, 4 and 5 in Chapter III correlate
this change in the index of refraction and thickness with the anneal temp-
erature and the crystalline phase of the film. By observing the interfer-
ence color of the film during bombardment and assuming a constant index of
refraction, the apparent thickness of the film may be correlated with the
bombardment parameters such as time, dosage, beam energy and power. If a
model is assumed yielding a functional relation between.the thickness and
index of refraction as in Chapter III, then the apparent thickness can be
converted into the true thickness and this in turn can be correlated with
the irradiation parameters.

Rather than using the thickness, either apparent or true, as a
parameter a normalized ratio was devised. This ratio is simply

r = (di - d)/(di -4a.) [38]

f
where di and df are the initial and final thicknesses of the film while d
is the thickness at any given moment. This ratio can be "scaled" to the
conversion process of amorphous films to rutile by properly choosing di and
df. This was done by taking an identical sample of the TiO2 on Si used
with the electron bombardment and heating it at 1000°C for 5 minutes, a
process known to yleld the rutile form. The gquantities di and df were mea-
sured from this control sample. The value of d is obtained from the bom-
barded film. Hence, the value of r ig determined by the degree of conver-

sion to the rutile form achieved by the electron beam. A value of v = 0

indicates that the material is essentially amorphous while a value of r = 1
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implies that the rutile form has been reached. An apparent value of r
corresponding to the apparent thickness and based on the initial index of

refraction of the film can also be defined asg
d,
P B [39]

This quantity is displayed as a function of irradiation time for 10, 15, 20
and 30 keV electron beaws in Fig. 19. The curves immediately suggest sev-
eral interesting conclusions.

(a) Given a sufficient length of time, the value of r, reaches and
slightly exceeds unity indicating that the rutile form has been
reached. During the exposure to the beam the interference colors
changed as & function of time, remaining clear and sharp until
long times were reached. At this point, the color fringe became
dull and appeared rather gray. A detailed examination revealed
the presence of small cracks and other surface damage appearing
during this period. It may be the case that at very high dosages
sufficient demage has occurred to allow the film to collapse some-
what accounting for the values of ra > 1,

(b) The interference color change occurred so rapidly during the ini-~
tial phase of the bombardment with the 20 and 30 keV beam that no
data below r = 0.5 could be obtained in these cases. The mater-
ial was converted most rapidly by the highest energy, highest
pover density beam; least rapidly by the lowest energy, lowest
power density beam.

(c) The curves arve sll reminiscent of rate-type of phenomensa charac-
terized by steep slopes initially becoming asympototic to a final

value.
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This same data has been plotted in Figure 20 as a function of
total electron dosage on a semi-log plot. This plot was not used to sug-
gest a model but only to expand the data in the lower dosage regiouns.

The order of the curves has been reversed from Figure 19, that is, the

low energy, low power density electron beam provided the most efficient
conversion of the material while the high energy beam was the leagst effi-
cient. This effect was considered earlier in this chapter where the dif-
ference in efficiences was ascribed by a qualitative model, to the varia-
tion in energy and current density of the beam. The beam current densi-
ties vary appreciably from curve to curve in the figure increasing by al-
most a factor of 10 from the 10 keV to the 30 keV beam. Eq. [37] predicts
that, if the current density were constant for all cases then the ratio of
dosages at any given r, should be 1:1.4k4:1.87:2.7. For r, = 0.6 the curves
in the figure are in the ratio 1:1.55:1.81:2.35, indicating either the er-
ror in the experiment or a dependence on the current density.

Rough extrapolations of the curves to the r, = 0 intercept yields
values between approximately 0.2 and 0.8 coul/cmz. Comparing these values
with those of Table IV, it can be seen that the intercept values lie be-
tween those listed for threshold and minimum useable fluxes. From this
comparison it would appear that very little conversion need take place to
afford some degree of etch resistance while the minimum useful values
represent more substantial conversion.

Figure 21 displays data similar to that in Figure 20, except that
in the case of the 15, 20 and 30 keV beams, the current densities have been
reduced in order to observe any effect on the conversion efficiencies. The

current densities now vary less than a factor of 2. Little difference is
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exhibited by the curves in the two figures, except for a tendency for the
low current density beams to be less efficient between the values ra = 0,9
and above. Otherwise, the current density seems to play & minor role in
determining the energy transferred to the film or, if it is a factor, it
is roughly constant over the range of current densities utilized. The
ratio of the dosages at r_ = 0.6 is 1:1.24:1.68:2.18.

If a model is assumed relating in some way the thickness and in-~
dex of refraction, then the apparent thickness may be converted to the true
thickness and the apparent ratio, r, s may be converted to the actual ratio,
r. Such a model was proposed in Chapter IIT in which the functional rela~

tionship between changes in the thickness and index of refraction is given

as
n d
2 1,1/2
= = (a’“) / (ko]
1 2
It is then true that
no
d = da (—EQ

where 4 is the actusl thickness, da is the apparent thickness at any given
moment, n is the index of refraction of the film at that same moment and
n, is the index to which the da was originally scaled. If these substitu-
tions are made in Eq. [39] then the actual ratio may be written in terms
of the apparent ratio

2 - r (1 - dfa/di)
(1 + dfa/di)

} [41]

r = r |
a

where dfaand di are the same as in Eq. [38]. The data from Figure 20 is
redisplayed in Figure 22 as a function of r rather than ra, Only a very
slight change has occurred due to the transformation and the relative

positions of the curves remains unaltered.




11k

*XN14 NO¥1D313 QILVYDIINI TWLOL °SA OILlvd SSINNOIHL ALY 22 FINIIA
AN0/IN00 39¥S00  NOW10313
05 0l S 0"l 0
I — | _ )
Pyl
z/1 P u
SY SSINHOIHL IHL OL 03LYITY S
NO! LOVH4TY 40 X3ON| JHL ONIWNSSY
| “Z ‘0ILvY SSINNDIHL "SA 39¥500
¥009Z ©01L SSINHOIHL WILINI
ol*L 8¢’ an M0 @
- 02°¢ 6G1° i >¥ON u]
00 0oLl SII* W AVGE ©
- A0l ®

Nzo\zmo_Xmm. =Y/d Nzo\<mmo

! _ ! | !

Z°0

<
(@]

0
()

8°0

4011 SSINMDIHL



115

Several models were considered in an attempt to mathematize the

conversion process of the amorphous films to the rutile form. The agppli-

cability of two possible models are discussed below.

(a)

(b)

In Chapter III amorphous materigl was converted to rutile by
merely heating it by conduction or convection to the neighbor-
of 1000°C for a short period of time. For the case of electron-
beam-induced conversion it would not be unreasonable to expect
that the electron beam was merely heating the absorbing material
to a temperature high enough to allow the rutile phase to form,
supposedly in the neighborhood of 1000°C. This same principle
is used for electron beam vacuum evaporation of numerous mater-
ials. An expression could be derived correlating the tempera-
ture of the bombarded area with irradiation time or dosage in-
volving the specific heat, thermal conductivity and some geo-
metrical factors. The fact remains, however, that the rutile
phase was reached without elevating the temperature substantial-
ly, at least on a macroscopic scale since the samples were not
observed to glow and showed no signs of approaching temperatures
associated with the rutile transition.

Faced with the fact that if a temperature rise need be postu-
lated, then it must occur on a microscopic atomic scale rather
than a macroscopic one. Rather than considering an electron in-
duced temperature increase, it would be more appropriate to model
an electron induced ordering in the film, where the amorphous
film is in a stabte of complete disorder and the rutile film is

completely ordered. Such a model is quite general in that this




116

process of ordering in the crystal may be visualized as taking

place by a number of different energy transferring sequences,

all, however, resulting in the continued ordering of the film.

In order to remain as general as possible to allow for various
interpretations, the second model will be pursued. We assume the material
is made up of ordered and disordered neighborhoods. The number of neigh-
borhoods in an ordered rutile state is ﬁ;, while the number in a disor-
dered state is ﬁb. The sum of ﬁ; and ﬁb is N, the total number of neigh-
borhoods, each containing a fixed number of molecules, which are either
ordered or disordered.

Let

N + N = 1 [42]

It is then assumed that a basic rate process governs the transitions into
and out of the ordered state. That is

dan
o)

—_— = 1 1

T A'Ny + B'N [43]
where A' is the transition probability into, and B' the transition probabil-
ity out of the ordered state. Since the crystallization process is known

to be exothermic it can be assumed that very few transitions out of the

ordered state will occur and B' v 0. Rewriting Eq. [U43]

dNo

“a;’ = A’ (l = NO) [hh]
but

dN dN

o . _o 4

“at a4t [45]

where D is the dosage of electrons and dD/db is the current density and is

a constant.
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’“a—g = A(1-1) [L46]

The solution to this equation, assuming some threshold dosage, DO, exists is

N,o= 1- e~A(D - Do) [47]

In order to correlate this solution with the experimental curves, it will
be assumed that the quantities r and NO represent the same thing and are
interchangeable. That they should have some functional relationship is ob-
vious, that they are identical is open to some question. Both quantities
have a value of zero, when the material 1is amorphous and a value of unity
when the rutile form is reached.

r = 1 -eA(D-D) [48]

Figure 23 shows a plot of the 10 keV data presented previously,
except graphed as a function of 1 - r to facilitate comparison with Eq.[L48].
This experimental data is a straight line initially at low dosage but tends
to break away at higher values. A plot of Eq. [48] is also included using
the parameters D= .19 and A = .65. Obviously, the simple model in Eq.
[48] is not able to account for somewhat of a conversion slowdown or in-
creased inefficiency at higher dosage levels. This may be due to several
factors.

(1) The film becomes thinner as the ordering proceeds and it reaches
its thinnest point in the rutile form. Less of the incident
energy 1s transferred to the film as a result and the process
appears to be less efficient as the irradiation continues.

(2) As the conversion process nears completion, unordered molecules
are prevented from joining with other unordered groups to form a

crystallite by interposing yolumes of rutile material.
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A number of varistions or corrections to the model above have
been used to afford some compensation at high dosages. These additions to
the model were suggested by the two factors above and consist of altering
the slope, A, by linear and exponential functions of r. Very few that
were derived starting from any physical effects, such as the variation in
energy absorbed as a function of thickness, produced a significant correc-
tion. However, an empirical relationship was found which provides fairly
good agreement with the experimental data over the region of interest.

The differential equation for this empirical formula is

o _ dr

= T & - M- ho]

where, rather than being a constant, A" is

AT = A (—2 ) [50]
1+ =
1-r
- iope &r _dr aD 4 - -
Using the relations G- = == ==, and A = A 4> the solution to Eq. [48] is
- _ 1 B
D-D ==-7{n(d-r) - g0z + B! [51]

This equation is plotted in Figure 23 using DO = .19 coul/cme, A = .65 and
B = .0045. The significance of this particular functional relationship of
the slope A" on r is not understood in terms of the arguments (1) and (2),
above.

Generally, however, the simple model proposed initially and ex-
pressed in Eq. [L48] seems to be quite valid for describing the conversion
phenomena observed.

OTHER CONVERSION TECHNIQUES

Besides supplying amorphous films with sufficient energy to or-

der themselves with an electron beam two other energy delivery technigues
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were abtempted to ascertain their feasibility. Little other than fairly
informal gqualitative experiments were performed, yet some interesting ob-
servations were made.

(1) Direct Photon Absorption

Thin TiO2 films on Si, identical to those used BHr the electron
beam exposure experiments, were subjected to a focused beam from a 100 mw
C.W. HelNe laser. From Figure 6, Chapter III, it is evident that the Ti02
films are quite traunsparent to photons in the visible range and absorb very
little of the photon energy supplied by the .6328 u HeNe beam. Exposure to
the focused beam (approximately 0.1 mm diameter) for 15 minutes provided a
fair degree of protection from the standard 0.5% HF etch which readily at-
tacked the unexposed background. No protection was afforded by exposure to
the un Bcused beam.

In order to take advantage of the strong absorption in the u.v.
region, light from a 100 watt mercury vapor lamp was employed to supply the
conversion energy. Little focusing could be accomplished and power densi-
ties between 0.1 and 1 watt/cmg were thought to be available at a distance
of 5.0 em from the lamp. The light was allowed to strike only selected

areas of an amorphous TiO, film by using a standard I.C. photomask with

2
clear and opaque areas. Standard procedure included placing the substrate
coated with the amorphous film and covered with the mask approximately 5

em from the lamp and allowing the exposure to continue from 10 to 15 min-
utes. Heating of the mask and substrate was retarded by using a heat sink.
However, after approximately 15 minutes the opague areas of the mask became

quite hot and a "contact printing” process, described below, assumed a com-

peting and then a dominant role, destroying the resolution of the photon
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converted areas. Once the exposure has been completed the material is sub-
Jected to the standard 0.5% HF etch to remove the unexposed material which
was found to be removed at rates from 2 to 5 times faster than the con-
verted areas. Patterns with line widths of 50 u could easily be defined in

o}
3000 A of TiO, with this process.

2
While the experiments performed served to make only the major
parameters apparent in even a qualitative way, it was clear that the compe-
tition between conversion by direct photon absorption and conductive heat-
ing from the mask or substrate makes the power density and spectral output
of the lamp, the heat sink arrangements for the mask and lamp, and the ex-
posure time all important parameters. If the exposure is allowed to con-
tinue to the point that conversion by photons has occurred below the clear
areas of the mask and conversion by conduction or convection has occurred
below the opaque areas, then the entire film will have developed some etch
resistance and no distinct pattern will be defined by the process. Hence,
either the direct photon process or the "contact printing" process must be

enhanced. The first has been described above, the second below.

(2) Pattern Definition by "Contact Printing"

Several variations of this process were attempted. In the first,
a standard photomask used for IC production was placed directly on the sur-
face of a ‘I‘iO2 coated Si wafer, the opaque emulsion side of the mask in con-
tact with the Ti02 surface. ILight from a flood lamp was allowed to pass
through the mask to the emulsion side. The black opaque areas of the emul-
sion absorb the photon energy and become holt, transferring the heat directly
to the contacting TiOQ, The clear areas of the mask allow the photons to

pass through directly into the Ti0, where some conversion, depending on the

2
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spectral output of the lamp and exposure time is experienced. If the Hg
lamp is used, long exposures (20 to 30 min.) were necessary to make the
contact process dominate. Subsequent etching removed the film below the
clear areas of the mask while the film heated by contacting the opaque
area remained. Excellent pattern definition was achieved by this method
with no noticeable misregistration at the edges or corners due to heat
flow laterally in the film and line widths on the order of 50 u were again
observed. This process is, however, rather destructive to standard Kodak
glass—-emulsion photomasks.

This same technique was used with a thin stainless steel evapo-
ration mask with a pattern of lines and holes in it. The mask was heated
by an infrared lamp, the solid portions of the mask absorbing the photon

energy and conducting it as heat to the amorphous TiO, film while the open

2
portion of the mask allowed the light to pass directly into the film where
little effect was seen. Once again, etching produced a sharp image of the
pattern of the contacting mask in the unetched TiOE.

The methods of directly transferring a pattern into a TiO2 film

could, after some refining, provide an excellent and quick way of producing

high resolution TiO, patterns for hybrid or integrated circuits completely

2
circumventing the need for the numerous steps associated with the applica-
tion, exposure and removal of standard photoresists.

TiO2 AS A DIFFUSION MASK

Because of the ease with which patterns can be defined in the
T102 film either by a directed electron beam, direct photon absorption, or

through & contact printing process, the films were considered for a number

of applications in hybrid or integrated circuit technology. In Chapter III




123

the possibility of using Ti02 films as an etch mask were discussed. The

electrical measurements of Chapter IV showed the film had a number of ex-
ploitable properties depending upon the anneal history. In this section
TiO2 will be considered as a diffusion mask, protecting a Si wafer from a
phosphorous dopant.

Three samples were placed in a phosphorous oxycholoride and oxy-
gen atmosphere at 1000°C -~ a bare p type 1 Q-cm Si wafer, a 1 Q-cm p type
Si wafer covered with 2000 K of SiO2 thermally grown in an O

and a similar wafer covered with 2000 K of rutile Ti02. The backside of

5 atmosphere

all three wafers was protected by 8000 K of S5i0, during the diffusion. At

2
given intervals, small chips were broken off of each sample and removed from
the diffusion oven. The surface and backside oxides were stripped with 48%
HF and an ohmic contact was made to the backside of each chip. A pressure
contact was brought down on the front surface of each chip and the I-V char-
acteristics displayed on a curve tracer. Those chips which were not sub-
jected to the phosphorous diffusion showed completely ohmic characteristics
and were used as the control samples. Where the phosphorous eventually
diffused through the SiO2 and TiO2 a surface diode was formed in the Si and
this change was immediately visible in the I-V characteristics. The re-
verse resistance (measured at 5 volts) of these samples as a function of
time is shown in Figure 24. It is evident that some junction characteris-
tics are becoming visible between 20 and 30 minutes. The time at which
2000 K of SiO2 failed under identical conditions was found by Sah, et al.80
to be approximately 24 minutes. From the graph it can be seen that the

Ti0, continues to serve as a mask perhaps for as much as 5 minutes longer,

2

a 20% improvement over the 810,.
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It is not unreasonable to expect that TiOg and an equal thickness
of SiO2 would retard the diffusion of an impurity at approximately equal
rates since the atomic packing density is similar for both materials. How-
ever,‘this may only partially affect the diffusion rate since the TiO2 film
is polycrystalline and, hence, most diffusion may take place at the grain
boundaries as compared to the amorphous SiOE.
SUMMARY

Amorphous films of TiO2 can be given enough energy to permit
crystallization to various degrees by an electron beam. Very little con-
version to the anatase from the amorphous form is necessary to provide good
etch resistance to 0.5% HF. By sweeping the e-beam over the area to be ex-
posed repeatedly, patterns with line widths of approximately 3u and edge
resolution of less than 0.5p are possible. Continued exposure to the elec-
tron beam will continue to convert the TiO2 into higher crystalline forms
until the rutile phase is reached. A simple rate ordering process des-
cribes, in a genersgl fashion, the crystallization process and fits the ex-
perimental data reasonably well. Other methods of conversion and pattern
definition were tried, including laser beam writing, u.v. photon exposure,
and contact printing. While the laser beam technique was falrly unsuccess-
ful, the contact printing, that is selective conversion at points of con-
tact with a hot "embossed" press and the direct conversion utilizing energy
supplied by a u.v. source proved to be quite successful. Because of its
eagy definition or patterning on the surface of a 8i wafer, it was con-
sidered as a diffusion mask against phosphorous diffusion at 1000°C. In
this role, it showed itself to be more effective than thermally grown
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CHAPTER VI.

SUMMARY AND CONCLUSIONS

SUMMARY

Thin films of TiO2 have been produced by anodization, thermal ox-
idation, reactive sputtering, vacuum evaporation, pyrolysis of liquid
sources, and a number of chemical vapor deposition schemes. Deposition
temperatures from room temperature to over 1000°C have been used with re-
active and inert atmospheres. The characteristics of these films were re-
viewed fairly thoroughly in Chapter I and comparisons between the material
in thin film and bulk forms were made. This review made evident the wide
range of values for material parameters, such as resistivity, index of re-
fraction, dielectric constant, loss tangent and a number of others and,
while it was clear that the crystalline state of the films was a strong
controlling factor, no one deposition process proved sufficiently versa-
tile to allow a rather extensive correlation to be made.

Hence, it was the object of this research to develop a process

for producing and testing thin films of Ti0, with enough versatility to

2
help elucidate the correlation between the crystalline state of the mater-
ial and a number of basic measurable parameters and to advance the state
of the hybrid and integrated circuit art by making available to it TiO2
films with a spectrum of useful and unique properties.

The film growth technigue, covered in detail in Chapter II, is a
typical chemical vapor deposition utilizing a tetraisopropyl titanate
source and a hydrolyzing reaction at the deposition substrate heated to

150°C. The water for the reaction is supplied by the water vapor in the

surrounding air and can be augmented by an extra water vapor source.
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Typical deposition parameters are as follows: (i) substrate temperature
150°C; (ii) He carrier flow rate 1 1/min.; (iii) TPT source temperature
75°C. Using these values, about 10 minutes is required to cover a 1-1/4"

o]
81 substrate with 1500 A of TiO Because of the simple vapor delivery

o
system and the low deposition temperature, it is possible to manually con-
trol the thickness of the film over a large area to within + 100 R by
watching the interference colors of the growing film. While the deposi-
tion parameters did not prove to be critical, films which suffered incom-
plete reaction (milky looking, soft film) or premature reaction (films with
white powdery inclusions) were made by allowing the parameters to range to
extreme values.

Samples were ordinarily grown on three different substrates, pol-
ished fused quartz discs, soft glass microscope slides and polished single
crystal Si wafers to facilitate the particular study undertaken. ZX-ray
diffraction data was taken for all of the thin film samples and compared
with a powder sample control. The films on Si and soft glass were found to
be amorphous in the "as grown" condition and were converted to anatase poly-
crystalline films near 350°C and to the rutile form near 1000°C. At inter-
mediate temperatures between 350° and 1000°C anatase and rutile polycrystal
coexist in the film. The films on fused quartz are also initially amorphous
and are converted to anatase at 350°C, but remain in this state as the
temperature is elevated, evidently due to a favorable surface condition

between the Ti0., and the fused quartz. During the transition from the

2
amorphous to the rutile crystalline form, the film undergoes a thickness

change to 63% of its original thickness yet the surface remains smooth and

the stresses involved are not sufficient to cause rupbures to form.
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As the material changes from amorphous to anatase to rutile, the
density increases markedly and is accompanied by a subsequent increase in
the index of refraction from 2.0 to 2.5. The major change occurred at the
350°C amorphous to anatase transition. The anatase and rutile material has
a strong absorption edge at 0.32 microns corresponding to an energy of 4.0
eV, A 2500 K film on & quartz substrate reduced the amount of ultraviolet
transmitted by the substrate alone at 0.32 by 87%.

Ti0, grown at elevated temperatures (> 300°C) has been reported
by a number of authors to be quite etch resistant and, for those films
heated to 1000°C, fairly impervious to chemical attack, Because of this,
its use in multilayer hybrid or integrated circuits is limited. It was re-
ported in Chapter III, however, that the amorphous films are etched quite
readily and uniformly in dilute HF (0.5%) at the rate of 50 A/sec. The
higher crystalline forms are attacked only slowly by hot stoh and the pure
rutile films are removed at the rate of approximately 1000 K/hour in a
150°C solution of it.

It has been demonstrated in previous work in the literature that
‘I':'LO2 is best referred to as a semiconductor rather than an insulator be-
cause of the extremely wide range of resistivities brought about by slight
deviations from stoichiometry, especially loss of oxygen. Material with
resistivities from lOlh Q-cm to 1 Q-cm has been reported and, in one case,
a loss of 1 ppm of O2 from the rutile form accounted for a decrease of 10
in the resistivity.

The results of the electrical tests on the films used in this re-
search were displayed in Chapter IV and present a rather comsistent picture,

the characteristics changing monotonically as the film is converted from

the amorphous to the crystalline forms.
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The amorphous films show poor insulating properties and are best
described as n type semiconductors of a high resistivity in the lOa - 105
-cm range. MIM samples yielded Schottky barrier characteristics for both
I-V and C-V data. In the case of the latter, a strong forming tendency was
noted causing the capacitance and the dissipation factor to decrease asymp-
totically with time in the reverse bias direction.

Anatase films on Si display a mixture of properties. At 100 kHz,
the C-V characteristics are those of a typical MIS device with a dielectric
constant of 169, while at 1kHz they can be explained only in terms of a
Schottky junction. The difference in performance as a.function of frequen-
cy is evidently due to a relaxation mechanism occurring between 1 kHz and
100 kHz. The D.C. I-V characteristics are also those of a Schottky barrier
junction. The resistivity of the T:'LO2 is on the order of 108 Q~cm., It is
guite possible that the conversion to the anatase has not been completed at
the 350°C anneal temperature and that the semiconducting properties are ex-
plained by the presence of minute inclusions of amorphous material.

Those films annealed at TO0°C, i.e., mixtures of anatase and ru-
tile material, display quite conventional insulating properties at all fre-
quencies between 1 kHz and 100 kHz. The dielectric constant/dissipation
factor at these frequencies are 116/.04 and 95/.09, respectively. The
breakdown field for these films is on the order of 8 x lOBV/cm., while the
resistivity is 5 x lOll Q=-cm.

Films of rutile TiO2 on Si were produced by anneals of 5 and 10
minutes at 1000°C in air. Once again, the samples are good insulators and

display conventional C-V and Poole-Frenkel type I-V characteristics. The

samples heated for 5 minutes have a dielectric constant/dissipation factor
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of 100/.04 and 87/.07 at 1 kHz and 100 kiz, respectively. The breakdown
p)

field for these devices is approximately 7 x 107°V/em. Those annealed for
10 minutes grew slightly thicker by virtue of 75 R of 3102 growth beneath
the TiOE. The effective dielectric constant and dissipation factor of
these multiple layer samples at 1 and 100 kHz is 40/.04 and 35/.05, re-
spectively.

The surface charge densities for the anatase, mixed and rutile
film, is on the order of lO12 negative changes per cm2, while that same
charge for the T102/8102 structure is lO12 positive charges per cmz. It

appears that the TiO2 and Si0, induce charges of different sign to the sur-

2
face of the substrate Si and the combination of the two insulators produce
a compensating effect. No identification could be made of these negative
charge sites in the TiO2 near the surface. The possibilities include un-
charged trapping sites which become negatively charged when occupied by an
electron or ionized impurities, such as oxygen, trapped at the interface.

In general, the electrical resistivity changes approximately
seven orders of magnitude as the material is converted from the amorphous
to the rutile form. At the low end of this scale, the material most re-
sembles a high resistivity semiconductor while at the upper end, it is an
adequate insulator of guite a high dielectric constant. The characteris-
tics change rather smoothly over the anneal range as do the majority of
other measurable parameters.

It was observed that a focused beam of kilovolt electrons could
supply sufficient energy to convert the amorphous material into one of

the crystalline forme and, in doing so, render that spot resistant to a

chemical etch which readily attacks the unconverted material. This
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electron-induced conversion in 3000 R films appears to have a threshold of
approximately 0.1 coul/cm2 to obtain well defined patterns after the etch
removes the unexposed material. The electron efficiencies of the beams
decrease as the energy of the beams increase. This effect is predicted

by a simple Bethe'-Charlesby model and is confirmed by the experimental
data. Poor results were obtained if the entire electron dosage was im-
parted to an area at one time in that cracks and tears often formed. Ex-
cellent results were achieved by repeatedly scanning the area to be exposed
until the desired dosage was reached. The resolution of lines "written" in
such a fashion is approximately the width of the beam itself. Line widths
under 10y can easily be obtained with a lower resolution limit determined
by the equipment limitations and the crystal grain size of the converted
material. Lines 3p wide were made fairly easily with sharp delineation be-~
tween the etched and unetched materials occurring in less than 0.5u. These
values are all dependent on the beam width and the distribution of the elec-
trons in the beam itself.

During the electron irradiation the interference color of the
film continued to change corresponding to the thickness and index of re-
fraction at any given moment. It was found that this change continued un-
til the rutile form was reached. Small subsequent changes are attributed
to electron-induced damage to the film. The conversion rate is a function
of electron energy, total integrated flux and the current density of the
beam. A simple model was derived to predict the basic exponential depend-
ence of the conversion process on the electron dosage for a given electron
energy and beam current. Dosages between 25 and 30 coul/cm2 were required

for complete conversion of 2700 E of amorphous film into the rutile by
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electron beams ranging in energy from 10 to 30 keV. Typical current den-
sities on the order of 0.1 a/cm2 were employed.

Other experiments were attempted in which the energy to order the
lattice was supplied in a number of different ways. Exposure to a focused
beam from a 100 mw HeNe laser provided some, but very little, conversion
etch resistance. Ultraviolet photons from a mercury arc source were ab-
sorbed by the film and, unlike the visible laser light, provided sufficient
conversion to establish good etch resistance. Typical exposure times of 10
minutes at power densities of approximately 0.1 Watt/cm2 were required.

Energy was successfully transferred to the film selectively by
contacting it with a heated embossed pattern. The possibility for produc-
ing truly "printed" capacitors for hybrid circuits was demonstrated.

To enhance its usefulness in a Si based technology, films of
TiO2 were tested to determine their ability to protect a S5i surface from
a phosphorous dopant. By checking the surface of a p type wafer for the
presence of a diode, it was determined that a 2000 K film of T102 brotected
the underlying Si for 30 minutes at 1000°C before enough phosphorous ac-
cumulated to form a diode. A similar layer of SiO2 fails to protect af-
ter 24 minutes. It is felt that the superiority of the TiO2 is not neces-
sarily due to a characteristically lower diffusion constant. Rather, the
migration of the phosphorous in the polycrystalline TiO2 is most likely
governed by conditions at the grain boundaries.

A list of the conclusions which can be drawn from this work fol-
lows below. Included in the conclusions are statements describing the

significance of this work in terms of present or future technologies.
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The low deposition temperature and simplicity of the chemical va-

por deposition process makes TiO,. an sttractive choice for any

2
number of optical or electronic applications. The thickness of
the film can be controlled to within + 100 R over a fairly large
area.

The result of the 150°C deposition in an amorphous film which
can be easily etched (50 R/sec) in a chemical bath (0.5% HF)

which is normally not corrosive to other integrated or hybrid ma-

terials, such as 5i, Si0

o9 SiSNh’ Al, Ta, Ta205, etc. The ana-

tase, mixed and rutile forms, are progressively more resistant
and will stand attacks by most standard etchants and react only
weakly to hot HQSOh. Rutile material is fairly impervious to
attack and can be removed from the surface of Si only by under-
cutting it by attacking the thin 810, sublayer with 48% HF. Be-
cause of this chemical inactivity, it is easy to visualize the
rutile 'I':'LO2 as a protective costing or as an etch mask.

The crystalline state of the material is controlled by the after-
deposition anneal. The index of refraction and density are both
functions of the crystalline phase. Because of the high index
of refraction in all forms (2.0-2.5), it is ideal for optical
surface coatings for lenses, mirrors and other components to aid
optical impedance matching.

The strong absorption peak at 0.32p (87% absorption by 2500 ﬁ at

0.32u) allows a unique photomask to be made with a TiO, layer on

2

quartz since visible wavelengths pass easily through the mask to

allow for accurate alignment.
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The electrical characteristics, especially the bulk resistivity,
are strong functions of the stoichiometry and the crystalline
phase of the film. These properties range from a high resistiv-
ity n type semiconductor to a high dielectric constant insula-
tor. In the lower resistivity range (lOLL Q-cm) devices, such as
thin film resistors, Schottky diodes and others, are suggested.,
Some evidence was gathered that the resistivity of the film can

be drastically altered by doping the TiO, with impurities during

2
the anneal process. If this proves to be the case, the useful-
ness of T102 as a semiconducting material will be greatly en-
hanced. Analysis of the Schottky barrier diodes constructed re-
vealed a Fermi level in the TiO2 approximately 0.35 eV below the
conduction band edge. The addition of impurities could be cal-~
culated to add to or compensate for these donor states and thus
greatly adjust the resistivity. The high resistivity (lOllQ—cm)
high dielectric constant (100) films lend themselves to high
value, low area capacitors with moderate dissipation factors in
addition to varicaps, surface varactors and IGFET's. Because of
the compensating effect the TiOg/SiO2 combination has on the sur-
face charge, these varicaps, surface varactors and IGFET's can

be fabricated with dynamic regions at or near zero bias.

The electrical characteristics of the rutile thin films appear

to be guite stable with time. Applied electrical stresses in the
range of half the breakdown field strength resulted in a leakage

current which was cbserved to be independent of time after a

short stabilization period. There are no indications that under
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these fields the films undergo a process of oxygen loss (a
process thought to be observed with bulk crystals) and hence a
decrease on bulk resistivity. At or near the breakdown field
strength the current does increase with time, slowly at first
and then at an increasing rate. This is consistent with stand-
ard breakdown phenomena associated with localized heating and
induced damage in the insulator.

Conversion to an etch resistant crystalline form can be ac-
complished by electron bombardment with 10 to 30 keV beams.
Threshold levels of 0.1 coul/cm2 and minimum' useful doses of

2.0 coul/cm2 were observed for 2700 R Tio. films while complete

2
conversion to the rutile form took place at higher (25-32 coul/
cm2) dosage levels. Excellent pattern definition and 3u line
widths have been obtained with this method, the lower limit be-
ing determined by the electron beam diameter in these experi-
ments. Edge definition in the neighborhood of 0.3u was common.
The simplicity of this process for obtaining a desired pattern
in a T102 film lends itself to computer controlled electron
beam techniques already developed. A number of microsized de-
vices can be made by this process and are not hindered by the
problems associated with normal photolithographic techniques.,
The land area of a microcapscitor, the gate region of an IGFET
or the conducting area of a thin film resistor can be defined
with the electron beam in the amorphous material, the unexposed
material removed with the HF etch, and then the remaining ma-

terial treated or annealed to obtain the desired electrical

characteristics.
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Computer generated master photomasks can be produced by exposing
a T162 film on guartz with a computer-directed beam to convert
the proper areas. After the etch the remaining areas are opaque
to the u.v. while the open areas allow the exposure of underly-
ing photoresists.

The strong absorption of u.v. photons by the amorphous films al-
so provides a means by which energy may selectively be delivered
to the film. Exposure to light from a mercury floodlamp with an
energy density between 0.1 and 1 watt/cm2 for 10 minutes provided
sufficient conversion to provide good etch resistance and excel-
lent pattern definition.

Several plans to allow 'contact" printing of Ti0, films with

some desired pattern were discussed., This method may ultimately
allow capacitor land areas and high value resistors to be printed
directly into a TiO2 layer in a hybrid circuit without the usual
intermediate steps associated with standard photomasking techni-
ques.

2000 K of TiO2 protected a p type Si surface from phosphorous
impurities at 1000°C for 30 minutes. This diffusion masking
capability along with the properties mentioned above, that is

the ability to define microsize windows in TiO, films with a pro-

2

grammed e-beam, makes these films quite a valuable addition to

the S8i IC technology for executing micron sized diffused areas.
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